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PREFACE 


This book is part of an nine-volume set entitled ''Fundamentals of 
Electronics". The nine volumes include: 


Volume la-NavPers 93400A-la, Basic Electricity, Direct Current 
Volume lb-NavPers 93400A-1b, Basic Electricity, Alternating Current 
Volume 2 - NavPers 93400A-2, Power Supplies and Amplifiers 
Volume 3 - NavPers 93400A-3, Transmitter Circuit Applications 
Volume 4 - NavPers 93400A-4, Receiver Circuit Applications 
Volume 5 - NavPers 93400-5, Oscilloscope Circuit Applications 
Volume 6 - NavPers 93400-6, Microwave Circuit Applications 
Volume 7 - NavPers 93400-7, Electromagnetic Circuits and Devices 
Volume 8 - NavPers 93400-8, Tables and Master Index 


If you are becoming acquainted with electricity or electronics for 
the first time, study volumes one through seven in their numerical 
sequence, If you have a background equivalent to the information con- 
tained in volumes one and two, you are prepared to study the material 
contained in any of the remaining volumes. A master index for all 
volumes is included in volume eight. Volume eight also contains 
technical and mathematical tables that are useful in the study of the 
other volumes. 


A question (or questions) follows each group of paragraphs. The 
questions are designed to determine if you understand the immediately 
preceding information. As you study, write out your answer to each 
question on a sheet of paper. If you have difficulty in phrasing an 
answer, restudy the applicable paragraphs. Do not advance to the next 
block of paragraphs until you are satisfied that you have written a 
correct answer, 


When you have completed study of the text matter and written 
satisfactory answers to all questions on two facing pages of the book, 
compare your answers with those at the top of the next even-numbered 
page. If the answers match, you may continue your study with reason- 
able assurance that you have understood and can apply the material 
you have studied. Whenever your answers are incorrect, restudy the 
applicable material to determine why the book answer is correct and 
yours is not. If you make an honest effort to follow these instructions, 
you will have achieved the maximum learning benefits from each study 
assignment, 


Follow the directions of your instructor in answering the review 


questions included at the end of each chapter. 
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CHAPTER 29 
SOLID STATE POWER SUPPLIES 


Most of the people employed in the field of elec- 
tronics are aware of the growing popularity and 
importance of the transistor. Yet few people, 
not directly involved with them, really under- 
stand what a transistor is or its basic operation. 
The transistor is only one phase of the vast field 
of electronics that falls under the heading of 
SOLID STATE or SEMICONDUCTOR electronics. 

The purpose of this chapter is to introduce 
solid state physics and semiconductor theory as 
a basis for the study of transistors. To under- 
stand semiconductor theory a knowledge of 
atomic structure is needed. While Chapter 1 
explained atomic structure, a review is in order 
at this time and will be given with emphasis on 
specific areas. 


SOLID STATE PHYSICS 


29-1. The Structure of Matter 

Matter is defined ae any substance that has 
mass and occupies space. If some substance, 
such as a quantity of water, were to be divided 
and then divided again and again until a particle 
was obtained which could not be further divided 
and still be called water, a MOLECULE of water 
would be the result. In other words, the small- 
est particle that matter can be divided into and 
still retain its original identity is a molecule. 

Amolecule is composed ofone ormore ELE- 
MENTS. An element can be defined as a sub- 
stance which cannot be decomposed by ordinary 
chemical changes, nor made by chemical union 
ofa number of substances. For example, ifa 
molecule of water was divided the water would 
cease to exist and in its place would be the ele- 
ments hydrogen and oxygen. An element can be 
subdivided into ATOMS. The atom is the small- 
est part of an element that can participate in 
ordinary chemical changes. Atoms of different 
elements differ in their average mass, but 
atoms of the same element are of the same 
average mass. The atom may be considered to 
be the smallest part that retains its identity as 
part of the element from which it is divided, 

It was once believed that the atom was the 
smallest particle of matter; it has since been 
determined that the atom itself can be sub- 
divided into still smaller, or SUBATOMIC par- 





ticles. A single atom is similar to the solar 
system in that there is a central body, called a 
NUCLEUS, about which a number of smaller 
particles, called ELECTRONS, move in approx- 
imately elliptical orbits. 

Careful study and research has disclosed that 
each electron in an atom has a charge of elec- 
tricity that is identical with the charge on any 
of the other electrons. The charge that is as- 
sociated with an electron is the smallest elec- 
trical charge that has been discovered. For 
this reason it is called an ELEMENTAL 
CHARGE. It was arbitrarily assigned a NEGA- 
TIVE polarity, thus, an electron is said to ex- 
hibit a negative charge. 

If we would magnify the nucleus enough, it 
would be seen to be composed of several dif- 
ferent kinds of particles, two of which are the 
proton and the neutron. The proton has an ele- 
mental positive charge, whereas the neutron is 
an uncharged particle. The positive charge of 
a proton is equal in magnitude to the negative 
charge of an electron, but opposite in nature. 
The atom is said tobe electrically neutral when 
there is an equal number of positive and negative 
charges, that is, when the number of protons in 
the nucleus is equal to the number of electrons 
in orbit. 


29-2. Atomic Structure 

The structure ofan atom is best explained by 
analyzing the simplest of all atoms, the hydro- 
gen atom. The hydrogen atom is composed of 
a nucleus containing one proton and a single 
planetary electron, The elliptical path followed 
by an orbiting electron makes calculations dif- 
ficult for even a single planetary electron and 
virtually impossible for complex atoms. Niels 
Bohr, a Danish physicist, developed a concept 
which permitted approximate calculations. Bas- 
ically, Bohr's concept consisted of averaging 
the elliptical paths of the orbiting electrons into 
circular paths with fixed distances from the 
nucleus. As the electron revolves around the 
nucleus it is held in this orbit by two counter- 
acting forces. One of these forces is called the 
CENTRIFUGAL FORCE, and is the force which 
tends to cause the electron to fly outward as it 
travels around its circular orbit. This is the 
same force which causes a carto rollofia high- 


2 
way when rounding a curve at too high a speed. 
The second force acting onthe electron is CEN- 
TRIPETAL FORCE. This force tends to pull 
the electron in toward the nucleus and is pro- 
vided by the mutual attraction between the posi- 
tive nucleus and the negative electron. At some 
given radius the two forces will exactly balance 
each other providing a stable path for the elec- 
tron, 


Ql. If centrifugal force istrying to force a car 
off the highway on a turn, what provides the 
equivalent centirpetal force to prevent this? 





29 Energy Levels 
Since the electron in the hydrogen atom has 
both mass and motion it contains two types of 
energy. By virtue of its motion the electron 
contains KINETIC energy. Due to its position 
it also contains POTENTIAL energy. The total 
energy contained by the electron (kinetic plus 
potential) is the factor which determines the 
radius of the electron orbit. As the distance of 
the orbit from the nucleus increases, the energy 
required to maintain an electron in that orbit 
increases. In other words, the highest energy 
orbits are those farthest from the nucleus. 
Each atom has specific energy levels at which 
an electron is permitted to establish an orbit 
(these levels vary from the atoms of one ele- 
ment to the atoms of another element butall 
the atoms of a single element have the same 
energy levels). These permissible areas for 
establishing orbits are called SHELLS. These 
shells are designated by either number or let- 
ter as shown in Figure 29-1. The lowest pos- 
sible energy level at which an electron may 
establish an orbit is the first or K shell. The 
shells or permissible energy levels of the atom 
EXIST WHETHER THEY ARE OCCUPIED BY 
AN ELECTRON OR NOT (the same as houses 
exist whether people live inthem or not). There- 
fore, even though an atom only has one electron 
in the K shell the other shells still exist. Appli- 
cation of energy to the electrons in the K shell 
(through collision with a photon of energy, for 
example) will cause the electron to jump to one 
of the higher permissible energy levels. An 
electron cannot exist in the space between per- 
missible energy levels. This indicates that the 
electron will not except a photon of energy un- 
less it contains enough energy to clevate the 
electron to one of the allowed energy levels 
Once the electron has been elevated to an 
orbit higher than its lowest possible energy level 
the atom is said to be in an EXCITED state. 
The manner in which the energy levels for 
the various shells are established is somewhat 
complicated and is part of a science known as 
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Figure 29-1 - Shell designation. 


QUANTUM MECHANICS, In order to determine 
the orbit of an electron, four numbers called 
quantum numbers must be known, For an ap- 
proximate description of an orbit, such as will 
be used in this chapter only the PRINCIPAL 
quantum number will be used, The principal 
quantum number specifies the shell; Ist (K), 
2nd (L), etc. It has been determined, by the 
science of quantum mechanics, that each shell 
may contain a certain maximum number of 
orbital electrons. The maximum number of 
electrons permitted in any shell may be deter- 
mined by taking two times the principal quantum 
number squared, Stated mathematically this ist 


2xné 


where n equals the principal quantum number 
(shell number). 

Example. The maximum number of electrons 
permitted in the first (K) shell would be: 


2x 14 = 2 electrons 


The maximum number of electrons permit- 
ted in the second (L) shell would be: 


2x 2? = 8 electrons 


Table 29-1 lists the maximum number of 
orbital electrons permitted in each shell. It 
should be noted that while these are the maximum 
numbers, and no shell can contain more elec- 
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trons, it is possible for a shell to contain less 
or even no electrons. 

According to an important theory, known as 
the PAULI EXCLUSION PRINCIPLE, no two 
electrons can be described by the same set of 
quantum numbers inagiven closed system, such 
as an atom. All this means is that no two elec- 
trons in a given atom will ever share the exact 
same orbit. 


other than that of designation. While the shells 
are separated by relatively large energy gaps 
the difference in energy levels between the sub- 
sheils (of the same shell) are so small that they 
are considered to exist one on top of the other. 
The subshells are also limited as to the maxi- 
mum number of electrons that they may contain. 
Table 29-2 lists the maximum number of elec- 
trons allowed to occupy each subshell. 























| 
| 

P Not discovered 

yet. 


Table 29-1 - Maximum possible occupancy 
of shells. 


The shellis defined as an area of permissible 
energy levels where electrons may establish 
orbits. The shells are separated by energy gaps, 
called FORBIDDEN REGIONS, in which no elec- 
trons may establish orbits. 


Q2, Would an electron in the N shell contain 
more or less energy than an electron in the 
number 2 shell? 


29-4. Subshells 

Since no two electrons in an atom may share 
the exact same orbit there must be more than 
one orbit available in each shell. Each shell is 
subdivided into SUBSHELLS. There are n sub- 
shells in each shell (where nequals the principal 
quantum number). In other words the first shell 
will contain one subshell (n=1), the second sub 
shell will contain two subshells (n=2), etc. The 
subshells are specified by letter designators. 
The sequence, starting with the lowest energy 
level subshell, being s, p, d, f, g, h, i, etc. 
Although the letters indicate more than four 
subshells no natural element has been discover- 
ed in which any but the first four subshells are 
used. The letters of the subshells are derived 
from the science of spectroscopy and have no 
significant meaning in the field of electronics 

















‘Shell Letter Maximum number of letter max. no. of 
No. | Designator electrons designator electrons 
= 
K 2 2x 12 s 2 
P 6 
L 8 2 x 22 d 10 
{ 14 
M 18 2 x 32 
N 32 2x 42 Table 29-2 - Maximum possible occupancy 
of subshells. 
° 50 2 x 52 
Figure 29-2 illustrates the position of the 
shells and subshells, in relation to the nucleus, 


by use of an energy level diagram. It can be 
seen that all shells contain an s subshell and, 
from the second shell out, a p subshell, etc. 
Therefore, to differentiate between subshell 
electrons of the various shells the subshell des- 
ignator is preceded by the shell number. For 
instance, "electrons inthe 4d subshell exist at 
a higher energy level than those in the 3d sub- 
shell." 





Figure 29-2 - Energy level diagram of shells 
and subshells. 
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Al. The friction of the tires on the road sur- 
face. When the centrifugal force over- 
comes the centripetal force the car will 
skid. 


A2. More energy. Higher energy shells are 
farther from the nucleus 





It must be stressed that Figure 29-2 is a 
representative diagram only. It was stated that 
the subshell energy levels, of a given shell, are 
so close together that they form practically a 
continuous band of energy levels. For example 
the 2s and 2p subshells are very close together, 
while the 2p and 3s subshells are relatively far 
apart. It must also be remembered that each 
subshell consists of an energy level for every 
electron which occupies it. Therefore, the 3s 
subshell will contain two energy levels, the 3p 
subshell will contain six energy levels, and the 
3d subshell will contain ten energy levels. The 
3rd shell (M) consists of 18 energy levels piled 
one on top of the other and when the M shell is 
filled an electron will occupy each separate 
level. 


Q3. There is no known natural element with a 
filled O shell, but if there were, how many sub- 
shells would the O shell contain? 


Q4. If an electron in the first subshell of the 
N shell is designated as a 4s electron, how is 
an electron in the forbidden region designated? 





29-5. Valence Electrons 

The ATOMIC NUMBER of an element can be 
used to determine the total number of electrons 
in the atom, and from this the number of elec- 
trons in the outer shell. The atomic number of 
hydrogen is one, indicating that hydrogen has 
one orbital electron. The one orbital electron 
will be in the first or K shell. Since hydrogen 
only has one electron the K shell is also the 
outer-most shell. The atomic number of silicon 
is 14, indicating 14 orbital electrons. Since 
orbital electrons occupy the lower energy levels 
first they will be distributed in the silicon atom 
as follows: 


K shell filled 
L shell filled 


2 electrons 
8 electrons 


The four remaining electrons will establish 
orbits in the M shell with two of them in the 3s 
subshell and two of them in the 3p subshell. In 
the case of silicon the M shellis the outer-most 
shell with the 3p electrons being the outer-most 
electrons. 





The electrons in the outermost shell are the 
ones which enter into chemical or electrical 
combinations with other atoms. These electrons 
are called VALENCE ELECTRONS and the outer- 
most shell is called the VALENCE SHELL. 

When the outermost shell of anatom contains 
eight electrons the atom is considered to be very 
stable and will not attempt to gain or lose an 
electron. For this reason no element will con- 
tain more than eightelectrons inits outer shell. 
For example, the M shell can contain 18 elec- 
trons when completely filled; however, if it is 
the outermost shell, it will contain nomore than 
eight electrons. 

The VALENCE NUMBER indicates the com- 
bining ability of an element. In other words, 
the valence number indicates the number of 
bonds that one atom of an elementcan form with 
another atom of the same or different elements. 


Q5. The atomic number of germanium is 32 and 
its valence number is four. Which shell is the 
valence shell? How many valence electrons 
does it contain and how many bonds cana ger- 
manium atom form? 
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Energy Bands 

When atoms are brought close together, as 
in a crystal, there is an interaction between the 
individual energy levels of the atom. Figure 
29-3 illustrates the energy level diagrams of 
two silicon atoms that are separated by a dis- 
tance large enough to prevent the valence shells 
from overlapping. 


NOTE: The interatomic distances of atoms in 
a crystal are fixed, according to the type of 
crystal, and can not be varied. This approach 
is taken here merely for purposes of illustrat- 
ing the interaction of energy levels ina crystal. 


NUMBER OF ELECTRON ORBITS 


{ 


Pp 3p 


2 
2 
| 
6 
2 
4 
2 


Figure 29-3 - Isolated silicon atoms (energy 
level diagrams). 
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The valence shells of each atom have the 
same energy levels (Figure 29-3) because there 
is no interaction. Figure 29-4 illustrates the 
result when the atoms are moved together so 
that the valence shells just begin to overlap. 
Since no two electrons may exist at the exact 
same energy level inaclosed system, the energy 
levels of the valence shell split. The exact way 
in which this splitting is accomplished is de- 
termined by quantum mechanical methods and 
will not be discussed in this text. Only the 
outermost shell of each atom has been effected, 
the inner shells, K and L, retain the energy 
levels of the individual atom. As more and more 
atoms are broughttogether, to form the crystal, 
the valence shell energy levels continue to split 
until they form a solid band ofdiscrete permis- 
sible energy levels. This band of energy levels 
is called the VALENCE BAND. 


WY OEY 


FORBIDDEN BAND 





Figure 29-4 - Energy level interaction of 
silicon atoms. 


It was stated that energy levels exist whether 
they are occupied by electrons or not. These 
unoccupied energy levels also split when brought 
together. Therefore, even though the N shells 
of the silicon atoms are unoccupied they will 
split, when brought together in the crystal, 
forming a band of available energy levels. This 
band of available energy levels is called the 
CONDUCTION BAND and is shown in Figure 
29-4 above the valence band. The conduction 
band and valence bandare separated by the for- 
bidden region which originally separated the M 
and N shells. 

In the study of semiconductor electronics, 
only the valence band, conduction band, and the 
forbidden region which separates them is of in- 
terest. Since the energy levels below the val- 
ence band are not changed, and are of no con- 
cern, they will be omitted from the energy level 
diagrams and only the top bands will be used. 


Q6. Which shells ofthe germanium atoms form 
the valence band in a germanium crystal and 
which shells form the conduction band? 


29-7 
tors 

The valence band contains electrons that are 
under the influence of the nucleus. However, 
the application of the proper amount of energy 
will cause the electrons to be elevated to the 
conduction band. The applied energy must be a 
discrete amount, that is, enough to move the 
electron allthe way across the forbidden region. 
The valence electrons will never go half way and 
stop. When an electron reaches the conduction 
band it is considered to be free from the influ- 
ence of the parent atom and able to move about 
in the crystal. It is therefore called a FREE 
ELECTRON. The forbidden band (in Figure 
29-4) is a representation of the amount of energy 
required to elevate the electron to the conduc- 
tion band. 

Substances that permit the free motion of a 
large number of electrons are called CON- 
DUCTORS. Copper wire is considered a good 
conductor because it has many free electrons. 
Electrical energy is transferred through con- 
ductors by means of the movementof free elec- 
trons that migrate from atom to atom inside 
the conductor. The greater the number of elec- 
trons that can be made to move ina material 
under the application of a given force the better 
are the conductive qualities of that material. A 
good conductor is said to have a low opposition 
or low resistance to current (electron) flow. 

In contrast to good conductors, some sub- 
stances such as rubber, glass, and dry wood 
have very few free electrons, In these materials 
large amounts of energy must be expended in 
order to break the electrons loose from the in- 
fluence of the nucleus. Substances containing 
very few free electrons are called POOR CON- 
DUCTORS, NONCONDUCTORS, or INSULA- 
TORS, Actually, there is no sharp dividing line 
between conductors and insulators, since elec- 
tron motion is known to exist to some extent in 
all matter. 

It is the degree of difficulty in dislodging the 
planetary electrons from the outermost shell of 
the atom that determines whether the element 
is aconductor, aninsulator, ora semiconductor. 
The height of the forbidden band, or energy gap, 
is an indication ofthe amount of energy required 
to free a valence electron. The gap energy is 
measured in electron volts (the electron volt is 
explained in section 16-2). In a copper crystal 
the interatomic distances betweenthe atoms are 
such that, due to interaction, the energy levels 
of the conduction band overlap those of the val- 
ence band. Since no forbidden band exists ina 


Conductors, Semiconductors and Insula- 
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A3. Five subshells. There are n subshells in 
each shell and for the O shell n=5. 


A4. An electron in the forbidden region is not 
designated because no electrons may exist 
in this area. 


AS. The N shell is the valence shell. It con- 
tains four valence electrons and can form 
four bonds. 


A6. The N shells formthe valence band and the 
energy levels of the O shell form the con- 
duction band. 





copper crystal the gap energy is zero electron 
volts (0 ev). This indicates that at normal tem- 
peratures all the valence electrons will be ele- 
vated to the conduction band, for this reason 
copper is a good conductor. On the other hand 
the interatomic distances of the atoms in a dia- 
mond cause the conduction band and valence 
band energy levels to be separated by a large 
(7 ev) forbidden band. Thus, a large amount of 
energy is required to break a valence bond in a 
diamond crystal, making diamond a very good 
insulator. The gap energy of a semiconductor 
material will lie somewhere between the ex- 
tremes of the conductor and the insulator. For 
instance, at room temperature the approximate 
energy gap of germanium is 0.7 ev. There- 
fore, the energy required to elevate an electron 
to the conduction band of a semiconductor ma- 
terial is less than that required foran insulator 
but more than that required for a conductor. 
Figure 29-5 shows energy level diagrams for a 
conductor, semiconductor, and an insulator. A 
comparison of the forbidden energy gaps gives 
an indication of the amount of energy necessary 








Figure 29-5 - Energy diagrams for conductor, 
semiconductor and insulator. 


to elevate an electron to the conduction band in 
each. 

The energy diagram for the insulator shows 
a very wide energy gap. The energy gap of the 
conductor is nonexistant, indicating that very 
little if any energy is required to elevate an 
electron to the conduction band. 


Q7. The gap energy of silicon at room temper- 
ature is approximately 1.1 ev. Is silicon a con- 
ductor, semiconductor, or insulator? 


29-8. Covalent Bonding 
The valence of an element is a measure of 


its ability to combine with other elements. It 
depends on the number of planetary electrons 
in the outer shell of the atom. For example, 
hydrogen has a valence of one and will combine 
readily with other atoms, The reason is that 
the outer shell of the hydrogen atom has only 
one planetary electron and requires one more 
electron to be complete. Oxygen has a valence 
of 2 because the outer shell has only6 planetary 
electrons; it needs 2 more to make up the full 
complement of 8. 

Two atoms of hydrogen combine with one 
atom of oxygen to form a molecule of water, 
Figure 29-6A. The electrons in the outer shells 
are shared by the oxygen (O) atom andthe hydro- 
gen (H) atoms so as to make the outer shells of 
all 3 atoms appear complete. When the outer 
shells are complete a stable condition exists. 

When hydrogen and oxygen combine to form 
water the force that hold them together is called 
a COVALENT BOND. An atom of oxygen has a 
combining power or valence number of 2 because 


SHARED ELECTRONS 
COVALENT BOND 





Figure 29-6 - Atoms combining to form 
molecules. 
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there are2 vacancies (2 more electrons needed) 
in the outer shell. When water is formed, 2 
hydrogen atoms share their planetary electrons 
with the oxygen atom so as to complete the outer 
shell (a total of 8 electrons) and at the same 
time the outer shell of each hydrogen atom is 
completed (2 electrons). 

Figure 29-6B illustrates the forming of a 
hydrogen molecule due to the covalent bonding 
of two hydrogen atoms. 

In certain cases bonds can form between 
positive and negative ions. Since these bonds 
are due to electrostatic attraction existing be- 
tween the two ions this form of bonding is called 
IONIC BONDING or ELECTROVALENT BOND- 
ING. Common table salt is an example of ionic 
bonding, wherein bonds form between a sodium 
atom which has given up its single outer elec- 
tron to become a positive ion and a chlorine 
atom which has gained an electron to become a 
negative ion. Due to the fact that semiconductor 
materials use covalent bonding exclusively, ionic 
bonding will not be discussed further. 


29 Pure Germanium Crystal 


The carbon atom may be drawn so asto show 
only those electrons that may be influenced by 
external forces; that is, those electrons in the 
outermost shell. The outer shell is represent- 
ed as an outer concentric circle having 4 elec- 
trons spaced equally around it. 

In order to fill its outer shell with the maxi- 
mum number of electrons permitted (8), the 
carbon atoms in a diamond lattice (a form of 
crystalline carbon) arrange themselves as 
shown in Figure 29-7. This arrangement is 
called a crystal. In the diamond crystal the 4 
electrons in the outer shell of one atom are 
bound as closely to that atom as the 4 electrons 
in the outer shell of another atom are bound to 
it. Thus, one atom cannot pull electrons away 
from another atom; instead, adjacent atoms will 
share the outer electrons in such a manner that 
the outer shells are filled to their quota of 8 
electrons. Each pair of atoms shares 2 elec- 
trons, one from each atom. This pair of elec- 





Figure 29-7 - Arrangement of carbon atoms 
in diamond lattice. 


trons (as previously stated for the hydrogen 
molecule) is called a covalent bond. Thus, to 
try to fill its outer shell with 8 electrons each 
carbon atom will establish covalent bonds with 
4 other carbon atoms. Each carbon atom shares 
each of its 4 valence electrons in the outer shell 
with one other atom, and in return shares an 
electron in the outer shell of the second atom. 

The elements carbon, silicon, and germa- 
nium, have the common property of being tetra- 
valent; that is, 4 electrons in the outer shell are 
able to respond to external forces (enter into 
chemical reactions). The 4 valence electrons 
form bonds with 4electrons from adjacent atoms 
to form acrystal structure, The atoms arrange 
themselves in a definite pattern (found in the 
crystalline forms of carbon, silicon, and ger- 
manium). The position of an atom in the crys- 
tal is referred to as a lattice site (location). 

Germanium and silicon crystallize in the 
form of a cubic lattice structure, When a pure 
crystal of germanium or silicon is formed each 
atom is joined, in the lattice structure, to its 
four nearest neighbor atoms by covalent bond- 
ing. Covalent bonding is accomplished by the 
four valence electrons of the central atom each 
coordinating their movement with a valence 
electron from a neighboring atom. Figure 29-8 
illustrates a pure germanium crystal formed by 
covalent bonding. This coordinated rotation of 
two valence electrons forms an ELECTRON- 
PAIR BOND (which is another name for valence 
bond). These bonds, which hold the atom in 
place in solid crystalline substances, are stable 
for certain given numbers of electrons. For 
example, the bond is especially stable when it 
contains precisely 2 electrons. The bond is 
weakened when one electron is removed; it is 
not strengthened much when a 3rd electron is 
added. 





Figure 29-8 - Pure germanium crystal. 
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Q8. If all the valence electrons of a pure ger- 
manium or silicon crystal were involved in 
covalent bonds would the crystal exhibit the 
properties of a semiconductor or an insulator? 


2' 





0. Intrinsic Conduction 
pure crystal, one containing atoms of only 
one element such as silicon, is called an IN- 
TRINSIC crystal or material. 

As mentioned before, a material that is 
classified as a semiconductor has characteris- 
tics between those of a conductor and those of 
an insulator. The electrons in the outer shell 
of the atoms ofa semiconductor can be removed 
when some form of energy is applied to the 
material. The energy may be in the form of 
heat, light, or an electric field, Then the ma- 
terial will acquire the properties of a conductor. 
The residual heat contained by a pure germa- 
nium or silicon crystal at room temperature is 
sufficient to cause many of the valence elec- 
trons to break their bonds and be elevated to 
the conduction band. For every electron raised 
to the conduction band, in an intrinsic material, 
there will be a vacancy left in the valence band 
structure, In semiconductor electronics this 
vacancy is termed a HOLE and for purposes of 
explanation is said to ACT like a mobile par- 
ticle with a positive charge equal and opposite 
to that of an electrons negative charge. 

If an intrinsic crystal of germanium or 
silicon with broken bonds is subjected to a volt- 
age, two kinds of current will flow. The eject- 
ed electrons move through the crystal from the 
negative terminal to the positive terminal, thus 
constituting ordinary conduction (electron) cur- 
rent. The second current (hole current), how- 
ever, results from the motion of electrons from 
one valence bond breaking away to fill up the 
hole caused by the absence of an electron from 
an adjacent bond. Thus, holes seem to move in 
a direction opposite to that of electron flow. 
Because the hole is a region of net positive 
charge, the apparent motion is like the flow of 
particles having a positive charge. An analogy 
of hole motion is the movement of balls through 
a tube (Figure 29-9). When ball number one is 
removed from the tube, a space is left. This 
space is then filled by ball number 2. Ball 
number 3 then moves into the space left by ball 
number 2. This action continues until all the 
balls have moved one space to the left at which 
time there is a space left by ball number 8 at 
the right-hand end of the tube. 

The motion of the space is similar to hole 
motion in the covalent bond structure of 
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Figure 29-9 - Analogy of hole movement. 


semiconductors. The hole motion depends on 
the MOVEMENT or shifting of VALENCE elec- 
trons in the covalent bonds. It is important to 
remember that holes move ONLY in the VA- 
LENCE BAND, also that a hole moves ONLY 
when a valence band electron moves from one 
covalent bond to another. The same electrical 
effect is produced whether electrons move in 
one direction or holes move in the opposite di- 
rection. 

The two currents are called ELECTRON 
CURRENT and HOLE CURRENT. The break- 
ing ofa covalent bond that produces a free elec- 
tron and a hole is called the generation of an 
ELECTRON-HOLE PAIR. When the charges 
involved in conduction come from the genera- 
tion of an electron-hole pair the conduction is 
INTRINSIC CONDUCTION. 


Q9. If five electrons are found in the conduc- 
tion band of an intrinsic silicon crystal how 
many holes will be found in the valence band? 


Q10. What is a "hole"? 


CRYSTAL WITH IMPURITIES 


In the pure form, germanium and silicon 
crystals are of no use as a semiconductor de- 
vice. However, when a certain amount of im- 
purity is added, the crystal can be made to 
conduct a current. In order to accomplish this 
result the quality and quantity of the impurity 
must be carefully controlled. The added im- 
purities will create either an excess or a de- 
ficiency of electrons depending on the kind of 
impurity added. 

The impurities that are important in semi- 
conductor materials are those impurities that 
align themselves in the regular lattice structure 
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whether they have one valence electron too many, 
or one valence electron too few. The first type 
loses its extra electron easily and in so doing 
increases the conductivity of the material by 
contributing a free electron. This type of im- 
purity has 5 valence electrons and is called a 
PENTAVALENT impurity. Arsenic, antimony, 
bismuth, and phosphorous are pentavalent im- 
purities. Because these materials give up or 
donate one electron to the material they are 
called DONOR impurities. 

The second type of impurity tends to com- 
pensate for its deficiency of 1 valence electron 
by acquiring an electron from its neighbor. 
Impurities of this type in the lattice structure 
have only 3 valence electrons and are called 
TRIVALENT impurities. Aluminum, indium, 
gallium, and boron are trivalent impurities. 
Because these materials accept one electron 
from the material they are called ACCEPTOR 
impurities. 

Semiconductors that have no impurities are 
called intrinsic semiconductors. Semiconduc- 
tors that have either acceptor or donor impuri- 
ties are called extrinsic semiconductors. 

The energy levels of the donor and acceptor 
impurities are slightly different than those of 
the intrinsic (germanium or silicon) material. 
At a temperature of absolute zero, which is 
zero degrees Kelvin, the energy level of the 
excess donor electron exists just BELOW the 
conduction band. At zero degrees Kelvin the 
energy level of the acceptor impurities is just 
ABOVE the valence band. Figure 29-10 illus- 
trates the donor and acceptor impurity energy 
levels in relation to the intrinsic energy levels, 
by use of an energy level diagram. 





NOTE: The forbidden energy gap applies ONLY 
to electrons associated with the germanium or 
siliconatoms and not to the electrons associated 
with the impurity atoms. 





29-11 e Germanium 

When a pentavalent impurity like arsenic is 
added to germanium it will form covalent bonds 
with the germanium atoms. Figure 29-11 illus- 
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Figure 29-10 - Energy levels for donor and 
acceptor impurities. 
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Figure 29-11 - Donor impurity. 


trates an arsenic atom (As) in a germanium 
lattice structure. The arsenic atom has 5 va- 
lence electrons in its outer shell but uses only 
4 of them to form covalent bonds with the ger- 
manium atoms, leaving one electron relatively 
free in the crystal structure, Because this type 
of material conducts by electron movement it 
is called a negative-carrier type or N-type 
semiconductor. Pure germanium may be con- 
verted into an N-type semiconductor by "doping" 
it with any element containing 5 electrons in its 
outer shell. Other pentavalent elements which 
may be used in place of arsenic as "dopants" 
are phosphorous, antimony, and bismuth. The 
amount of the impurity added is very small; it 
is of the order of one atom of impurity in 10 
million atoms of germanium. 


Ql. Does the freeing of the excess donor elec- 
tron require more or less energy than the free- 
ing of an intrinsic valence electron (in an N- 
type material)? 


NOTE: Intrinsic refers to the original or pure 
material of the crystal (germanium or silicon). 


29-12. P-Type Germanium 


A trivalent impurity element can also be 
added to pure germanium to ''dope"' the material. 
In this case the impurity has one less electron 
than it needs to establish covalent bonds with 4 
neighboring atoms. Thus in one covalent bond 
there will be only one electron instead of 2. 
This arrangement leaves a vacancy in that co- 
valent bond. 

Figure 29-12 shows the germanium lattice 
structure with the addition of an indium atom 
(symbol In). The indium atom has one electron 
less than it needs to form covalent bonds with 
the 4 neighboring atoms. Gallium and boron 
also exhibit these characteristics. 
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A8. Insulator. [fail the valence electrons are 
in bonds there will be no electrons in the 
conduction band (this situation could only 
exist at absolute zero temperature). 


A9. Five holes. 


Al0. A hole is a vacancy inthe valence band 
structure of a semiconductor material. 


All. Much less. The intrinsic valence elec- 
tron must jump the entire forbidden en- 
ergy gap whereas the energy level of the 
excess donor electron exists just below 
the conduction band and requires very 
little energy to become a free electron. 





Figure 29-12 - Acceptor impurity. 


It must be noted that the acceptor atom is 
neutral (the number of electrons in orbit equal 
the number of protons in the nucleus) when in- 
serted into the crystal. Therefore, the accep- 
tor cannot attract an electron from the germa- 
nium or silicon atoms. However, should ther- 
mal energy unleash an electron from a neigh- 
boring silicon or germanium atom and bring 
the electron favorably close to the acceptor 
atom, the acceptor atom will capture or "ac- 
cept" the electron, It must be stressed that this 
capture occurs NOT as a result of electrostatic 
attraction (the acceptor atom is neutral), but, 
as a result of a natural tendency of atoms to 
form complete covalent bonds. The energy 
levels of the acceptor atoms exist just above 
the valence band of the crystal. While the va- 
lence electron of an excited silicon or germa- 
nium atom may not possess enough energy to be 
elevated to the conduction band it will possess 
enough energy to be elevated to the energy level 
of the acceptor atom. It may be said that the 


Chapter 29 - SOLID STATE POWER SUPPLIES 
acceptor atom "stores" an electron from the 
valence band structure of the crystal. The in- 
stant a germanium or silicon valence electron 
leaves the bonding structure for "storage" a 
hole is "created" in the valence band. Thus, a 
hole results in a positively ionized germanium 
or silicon atom. 

Since in a P-type material an electron does 
not have to be raised to the conduction band in 
order to create a hole THERE WILL BE MANY 
MORE HOLES IN THE VALENCE BAND THAN 
THERE ARE ELECTRONS IN THE CONDUC- 
TION BAND. Because this semiconductor ma- 
terial conducts by the apparent movement of 
holes which are considered to be positive 
charges, it is called a positive-carrier type or 
P-type semiconductor. 

When a valence electron moves to fill a hole 
the hole APPEARS to move to the spot pre- 
viously occupied by the valence electron. Fig- 
ure 29-13 illustrates the movement of a hole 
through a crystal. 

In Figure 29-13 the original position of the 
hole is at point one (Pj). One of the valence 
electrons from point two (Pz) for instance, 
moves over and fills the hole. In moving to fill 
the hole the electron leaves a hole at Pz. Thus, 
it appears as if the hole has moved from P to 
Pz. The above action is repeated and the hole 
moves through the valence structure of the crys- 
tal ina random manner until it finally arrives 
at P3. Therefore, the movement of a hole 
through the crystal is dependent on the move- 
ment of valence band electrons. 


9-13. Charges in N and P-Type Materials 
When a donor material such as arsenic is 
added to germanium, the fifth electron in the 
outer ring of the arsenic atom does not become 
a part ofa covalent bond. This extra electron 
(when acted on by some force) may move away 
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Figure 29-13 - Hole movement through 
crystal. 
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from the arsenic atom to one ofthe nearby ger- 
manium atoms in the N-type material. 


NOTE: In the discussion to follow the electrons 
of the inner shells, and the protons needed to 
neutralize them, will be neglected. Only the 
electrons of the outermost shell and the cor- 
responding protons will be referred to. 


The arsenic atom has a positive charge of 5 
units (5 protons) in the nucleus and when the 
excess electron moves away from the arsenic 
atom there will be only 4 electrons left to neu- 
tralize the positive charges. Asa result there 
will be a region of positive charge around the 
arsenic atom. 

Although there is a region of positive charge 
around the arsenic atom after the electron has 
moved away, and a region of negative charge 
around the freed excess electron, the total 
charge on the N-type crystal remains the same. 
In other words the total charge is zero. There 
are exactly enough electrons to neutralize the 
positive charges on the nuclei of all the atoms 
in the crystal. However, because some of the 
electrons may move about in the crystal, there 
will be regions inthe crystal where there are 
negative charges and other regions where there 
will be positive charges, even though the net 
charge on the crystal is zero. 

In a P-type material having an impurity such 
as indium added to it, a similar situation may 
exist. Indium has only 3 electrons in its outer 
ring. Three electrons are all that are needed 
to neutralize the positive charges of the 3 pro- 
tons in the nucleus. However, with only 3 elec- 
trons inthe outer shell, there is a vacancy in 
one of the covalent bonds formed between the 
indium atom and the 4 adjacent germanium 
atoms. If an electron moves in to fill this 
vacancy there will be one more electron in the 
indium atom than is needed to neutralize the 
positive charge of 3 units. Thus there will be 
a region of negative charge around the indium 
atom. 

Similarly, when the germanium atom gives 
up an electron to fill in the vacancy in the indi- 
um covalent bond, the germanium atom will be 
short an electron and there will be a region of 
positive charge around this germanium atom. 
While the giving up of an electron by a germa- 
nium atom and the acquisition of an electron by 
the indium atom charges (ionizes) both atoms 
involved, the net charge onthe P-type crystal 
is still zero, There is simply one atom that is 
short an electron and another atom that has one 
too many. The crystal itself does not acquire 
any charge. 

These ionized atoms produced in both N and 
P-type germanium are not concentrated in any 





one part of the crystal, but instead are spread 
uniformly throughout the crystal. If any region 
within the crystal were to have a very large 
number of positively charged atoms, these 
atoms would attract free electrons from other 
parts of the crystal to neutralize part of the 
charged atoms so that the charge would spread 
uniformly throughout the crystal. Similarly, if 
a large number of atoms within a small region 
had an excess of electrons, these electrons 
would repel each other and spread throughout 
the crystal. 

Both holes and electrons are involved in 
The holes are called positive car- 
riers and the electrons negative carriers. The 
one present in the greatest quantity is called 
the MAJORITY CARRIER; the other is called 
the MINORITY CARRIER. In N-type material 
the electrons are the majority carriers and 
holes the minority carriers. In P-type ma- 
terial the holes are the majority carriers and 
electrons the minority carriers. 


conduction. 


Q12. Do majority and minority carriers both 
exist in an N-type material? 


29-14. Current Flow in N-Type Material 
Current flow through an N-type material is 


illustrated in Figure 29-14. Conduction in this 
type of semiconductor is similar to conduction 
in a copper conductor. That is, the application 
of voltage across the material will cause the 
donor impurity electrons in the conduction band 
to migrate through the crystal toward the posi- 
tive potential point. 

However, certain differences exist between 
the N-type semiconductor and a copper conduc - 
tor, For example, the semiconductor resist- 
ance decreases with temperature increase, be- 
cause more carriers are made available at 
higher temperatures. Increasing the tempera- 
ture will generate more electron-hole pairs (by 
breaking germanium or silicon covalent bonds), 
elevating many electrons to the conduction band 
and thus causing increased conductivity (de- 
creased resistance). In the copper conductor, 
increasing the temperature does not increase 
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Figure 29-14 - Current flow in N-type 
material. 
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Al2. Yes. Although the majority carriers, 
which are electrons in the N-type ma- 
terial, far outnumber the minority car- 
riers, some holes do exist due to the 
generation of electron hole pairs. 








the number of carriers but increases the ther- 
mal agitation or vibration of the structure so 
as to impede the current flow further (increase 
the resistance). 


29-15. Current Flow in P-Type Material 
Current flow through a P-type material is 
illustrated in Figure 29-15, Conduction in this 
material is by positive carriers (holes). In 
order that the hole appears to move, an elec- 
tron in a nearby lattice site must shift to the 
position where the hole existed originally. Thus 
the hole moves from the positive terminal to 
the negative terminal of the P-type material. 
Electrons from the external circuit enter the 
negative terminal and cancel holes in the vicin- 
ity of the terminal while at the positive termi- 
nal, electrons are being removed from the co- 
valent bonds, thus creating new holes. The new 
holes then move toward the negative terminal 
(the electrons shifting to the positive terminal) 
and are cancelled by more electrons emitted 
from the negative terminal. This process con- 
tinues as a steady stream of holes (hole cur- 
rent) moving toward the negative terminal. 





Figure 29-15 - Current flow in P-type 
material. 


In both N-type and P-type materials, cur- 
rent flow inthe EXTERNAL CIRCUIT consists 
of electrons and is out of the negative terminal 
of the battery and into the positive terminal. 


Q13. With a battery connected across a piece 
of N-type material would the current flow equal- 
ly well if the polarity of the battery were re- 
versed? 


Qi4. What would be the effect of a large in- 
crease in temperature on P-type material? 


SEMICONDUCTOR FUNDAMENTALS 


29-16. PN Junction 

A semiconductor diode is made by taking a 
single crystal (for example, germanium) and 
adding a donor impurity to one region and an 
acceptor impurity to the other. This gives a 
single crystal with an N section anda P section. 
Where the two sections meet is a junction. 
Contacts are fastened to the two ends of the 
crystal. The result is a simple PN junction or 
junction diode. 

One portion ofthe crystalis P-type material; 
this is the portion containing the acceptor im- 
purity. The other portion is N-type material. 
This region contains the donor impurity. The 
end contacts are large surfaces that make a 
good connection with the crystal. If the con- 
nections were not good there might be rectify- 
ing properties where they come in contact with 
the crystal. 

Figure 29-16 is a pictorial representation of 
a PN junction. 





Figure 29-16 - PN junction pictorial 
diagram. 


An isolated piece of N-type material is elec- 
trically neutral; that is, for every free electron 
in the conduction band there is a positively ion- 
ized donor atom in the crystal lattice structure. 
Thus, while there is an abundance of free nega- 
tive charges each one is balanced by a fixed 
positive charge and the overall charge of the 
crystal is zero. 

An isolated piece of P-type material is also 
electrically neutral; for every hole (positively 
ionized germanium or silicon atom) there exists 
a negatively ionized acceptor atom. Thus, the 
overall charge of the P-type crystal is zero. 
Figure 29-17 shows an electrical representation 
of an isolated N and P-type material with bal- 
anced charges. 

Figure 29-17 is used to represent the even 
distribution of carriers and ions throughout the 
crystals. The carriers are placed beside each 
ion to indicate the balancing of positive and neg- 
ative charges. 

While there are many and varied methods of 
combining a P and N-type material into a PN 
junction, there is one qualification that must be 
met. The junction, when completed, must have 
the properties of a single crystal. 
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Figure 29-17 - Isolated P and N-type 
materials. 


29-17. Junction Field 

Regardless of the manner in which it is ac- 
complished, once the junction is formed an in- 
teresting action takes place 

The electrons in the conduction band of the 
N-type material''see" the relatively empty con- 
duction band of the P-type material and begin 
to DIFFUSE (move or spread out) across the 
junction intothe P material. The free electrons 
lose energy, fall intothe valence band and re- 
combine with the holes. This recombination 
eliminates a free electron and a hole. When 
the electron moved from the N material and 
diffused across the junction it left a positive 
ion which is no longer balanced by a negative 
charge. This same electron, upon recombina- 
tion with a positive germanium ion, eliminates 
a hole in the P material. The elimination of 
this hole and its associated positive charge 
leaves a negative acceptor ion in the P material 
whichis no longer balanced bya positive charge. 

These ions are fixed in place in the crystal 
lattice structure and cannot move. Thus, they 
make up a layer of fixed charges on the two 
sides of the junction. On the N side of the junc- 
tion there is a layer of positively charged ions; 
on the P side of the junction there is a layer of 
negatively charged ions. An electrostatic field 
is established across the junction between the 
oppositely charged ions. Figure 29-18 illus- 
trates the electrostatic field of the junction, 
called the JUNCTION FIELD. The* junction 
field in Figure 29-18 is greatly exaggerated for 
purposes of explanation. The diffusion of elec- 
trons across the junction will continue until the 
magnitude of the electrostatic field is increased 
to the point where the electrons no longer have 
enough energy to overcome it. At this point an 
equilibrium condition is established and for all 
practical purposes the migration of carriers 
across the junction ceases, The action just 
described occurs almost instantly whenthe junc- 
tion is formed. Only the carriers in the im- 
mediate vicinity of the junction are involved in 
the forming of the junction field. The carriers 
throughout the remainder of the N and P ma- 
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Figure 29-18 - PN junction field. 


terials are relatively undisturbed and maintair 
the balanced condition of positive and negative 
charges in their respective materials. 

Figure 29-18 also indicates that there are 
no mobile carriers within the junction field 
Any mobile carriers which would happen to ap- 
pear within the field would be accelerated out 
to the boundaries of the field. Electrons in ar 
electrostatic field are accelerated AGAINST the 
arrow and holes are accelerated WITH the ar- 
row. Since the junction field has a depletion o! 
mobile carriers it is often called the DEPLE- 
TION LAYER or DEPLETION REGION. Other 
names for the junction field are the SPACE 
CHARGE REGION and the JUNCTION BAR- 
RIER. 

The charge on the impurity atoms is dis- 
tributed across the PN junction as shownin Fig- 
ure 29-19, curve 1. In the P region the ion- 
ized acceptors have a negative charge, and ir 
the N region the ionized donor atoms have @ 
positive charge. At the junction the charge is 
zero. 

However, in the P region there are holes 
which have a positive charge and in the N regior 
there are free electrons which have a negative 
charge. The distribution ofholes and free elec- 
trons is shown by curve 2 (Figure 29-19). 

The potentials atthe junction have driven the 
holes away from the junction in the P region anc 
the electrons away from the junction in the N 
region so that the charges in the P region anc 
in the N region are moved further apart. Thus 
the slope of curve 2 is more gradual than that 
of curve 1. The charge at the junction is zero 
but the rise on either side is more gradual thar 
that of curve 1. Moving further into the F 
region (curve 2) the charge becomes positive 
due to the holes; moving into the N side of the 
crystal the charge is negative due to the elec- 
trons. 

The net charges on the crystal in the P re- 
gion is equal tothe difference between the charge 
on the ionized acceptor atoms and the charge: 
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Al3. Yes. N-type material alone has no rec- 
tifying qualities. 


Al4. The resistance would decrease due to the 
addition ofmany carriers ofhole current. 
(Anincrease of temperature will generate 
many electron-hole pairs). 





on the hol The net charge on the crystal in 
the N region is equal to the difference between 
the charge of the ionized donor atoms and the 
electrons. These charges cancel except in the 
immediate region ofthe junction. This arrange- 
ment is indicated by curve 3 which is the sum 
of curves 1 and 2 (Figure 29-19). 

Since the areas of the P and N materials 
beyond the junction field have zero potential, 
due to the equality of oppositely charged mobile 
carriers and ions, only the field of the PN junc- 
tion is shown in Figure 29-19. 

In the area near the junction there is a nega- 
tive charge in the P region and a positive charge 
in the N region. As stated earlier, they act as 
a barrier to prevent further diffusion of holes 
from the P region into the N region and the dif- 
fusion of electrons from the N region into the P 
region, This potential barrier is a potential 
difference (or voltage) across the junction and 
is of the order of a few tenths of a volt. The 
physical distance from one side of the field or 
barrier to the other is referred to as the BAR- 
RIER WIDTH. The width of the barrier, with 








Figure 29-19 - Junction field potentials. 
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no external potential applied, depends on the 
density of mobile carriers in the crystal. The 
BARRIER HEIGHT or POTENTIAL HILL is the 
difference of potential across the depletion re- 
gion (intensity of the junction field). 


Q15. Ifa voltmeter (with a very high input im- 
pedance) was placed across a piece of plain 
N-type material what would be the indication on 
the meter? 


Q16. Why does the N-type material have posi- 
tive ions? 


29-18. Intrinsic Conduction in a PN Junction 
‘A limitation imposed on the junction diode 
is the result of electron-hole pairs that are 
being formed at random within the crystal due 
to energy imparted to the crystal by heat, light 
and electromagnetic radiation. Away from the 
depletion layer these carrier pairs will recom- 
bine without materially affecting the carrier 
concentration in the crystal. In other words the 
holes will remain the majority carriers in the 
P material and electrons will remain the ma- 
jority carriers in the N materia! 
However, as previously mentioned, both 
holes and electrons are involved in conduction 
at all times. There are minority carriers in 
both regions; holes in the N material and elec- 
trons in the P material. The holes produced 
in the N material near the junction are minority 
carriers. The direction of the junction field is 
such that minority carriers are readily accel- 
erated and pass across the junction. These 
holes will tend to neutralize the negative ions 
on the P side of the junction. Similarly free 
electrons produced on the P side of the junc- 
tion will pass across the junction and neutralize 
positive ions on the N side of the junction. This 
action is an example of intrinsic conduction 
which is undesirable. This is called intrinsic 
conduction because the electrons and holes in- 
volved come from the generation of electron- 
hole pairs and not from the impurity atoms. 











BIASED PN JUNCTIONS 


If a battery is connected across the PN junc- 
tion the battery potential will bias the junction. 
If the battery is connected so that its voltage 
opposes the barrier potential across the junc- 
tion it will reduce the intensity and width of the 
junction field and thereby aid current flow 
through the junction and the junction is said to 
be biased in the FORWARD direction (low re- 
sistance). If the battery is connected across 
the junction so that its voltage aids the barrier 
potential across the junction it will increase the 
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intensity and width of the junction field and 
thereby oppose current flow through the junc- 
tion and the junction is saidto be REVERSE- 
BIASED or biased in the reverse direction. 
This is the direction of high resistance. 


2 





9. Forward Ss 

The forward bias connection is illustrated in 
Figure 29-20. Here the positive terminal of 
the bias battery is connected to the negative 
side of the barrier potential (P-type side of the 
junction) and the negative terminal of the bat- 
tery is connected to the positive side ofthe bar- 
rier potential (N-type side of the junction). 

The positive terminal ofthe battery connect- 
ed to the end of the P-type germanium, repels 
holes toward the junction. The holes are repel- 
led toward the junction because germanium 
valence electrons are being attracted by the 
positive terminal of the battery. The holes 
moving toward the junction neutralize the nega- 
tively charged acceptor ions at the edge of the 
junction field. 

On the N side of the crystal the negative ter- 
minal of the battery repels electrons toward 
the junction, These electrons neutralize the 
positively charged donor atoms at the edge of 
the junction field. Since ions on both sides of 
the field are being neutralized the field will be 
decreasing in both width and intensity. Thus, 
the effect of the battery bias voltage in the for- 
ward direction is to reduce the barrier poten- 
tial across the junction and to allow majority 
carriers to cross the junction. 

The current flow and method of conduction 
in a forward biased PN junction is as follows: 

An electron leaves the negative terminal of 
the battery and moves to the terminal of the N- 
type material. It enters the N material, where 
it is the majority carrier, and moves to the 
edge of the junction field. Due to forward bias 
the field now offers less opposition to the elec- 
trons and they pass throughthe depletion region 
into the P-type material. The electron loses 
energy in overcoming the opposition of the junc- 
tion field and upon entering the P material en- 
counters a concentration of holes at the edge of 
the field. The electron falls in energy and 


combines with one of the holes. By virtue of 
hole conduction the electron (now a valence 
electron) moves through the P material toward 
the terminal. Upon reaching the terminal it is 
attracted out of the P material by the positive 
terminal of the battery and proceeds through 
the connecting wire to the positive battery ter- 
minal and the completion of its journey. 

It is important to remember that in the for- 
ward biased junction condition, conduction is by 
the majority carriers (holes in the P-type ma- 
terial and electrons in the N-type material). 
Increasing the battery voltage will increase the 
number of majority carriers arriving at the 
junction and the current flow increases. The 
only limit to current flow is the resistance of 
the material on the two sides of the junction. 
If the battery voltage is increased to the point 
where the barrier potential across the junction 
is completely neutralized heavy current will 
flow and the junction may be damaged from the 
resulting heat. Therefore, the voltage of the 
bias battery is limited to a relatively small 
voltage. 


29-20. Reverse Bias 

With reverse bias applied to the junction 
diode the negative terminal of the battery is 
connected to the P-type material and the po: 
tive terminal connected to the N-type material. 
The negative terminal of the battery attracts 
the holes away from the edge of the junction 
field on the P side while the positive terminal 
attracts the electrons away from the edge of 
the field on the N side. This action increases 
the barrier potential across the junction be- 
cause there are fewer holes on the P side of 
the junction to neutralize the negative ions, and 
fewer electrons on the N side to neutralize the 
positive ions formed on this side ofthe junction. 
The increase in barrier potential prevents cur- 
rent flow across the junction by MAJORITY 
carriers. 

Figure 29-21 illustrates a reversed biased 
PN junction. 

Notice that the width of the junction field has 
been increased. The concentration of the mo- 
bile carriers at the terminals has left many 








Aut ELECTRONS 
uu 





Figure 29-20 - Forward biased PN junction. 
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Figure 29-21 - Reversed biased PN junction. 
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Al5. Zero. Plain N or P type material is 
electrically neutral. 


Al6. In forming the N type material the donor 
atom gives up one of its valence elec- 
trons, leaving a donor ion with one more 
proton than electron 





ions unneutralized at the edge of the field, 
therefore, the field will extend to include these 
ions. 

The current flow across the barrier is not 
zero, however, because of minority carriers 
crossing the junction, Holes forming in the N 
material are repelled toward the junction and 
electrons being released in the P material are 
repelled (by the battery) toward the junction. 
In both cases these are MINORITY carriers. 
The junction field is in opposition to MAJORITY 
carriers only. Therefore, when the minority 
carriers reach the junction field they will easily 
be accelerated across the junction. This situa- 
tion was described as intrinsic conduction due 
to electron-hole pairs continually forming at 
random within the crystal (before any bias is 
applied) as a result of the energy of the crys- 
tal. 

Thus, under reverse bias conditions there 
will be a small current flow due to minority 
carriers crossing the junction. This current 
flow is small at normal operating voltages and 
temperatures. 


QI7. Is the potential hill of a PN junction in- 
creased or decreased when the junction is for- 
ward biased? 


Q18. Ifa PN junction is biased in such a man- 
ner as to increase the depletion region, will 
the junction field aid or oppose minority cur- 
rent flow? 


29-21, PN Junction Symbol and Ratings 

The schematic symbol ofa PN junction diode 
is shown in Figure 29-22. The bar represents 
the cathode and the arrow represents the anode. 
Electron flow is against the arrow. For clari 
fication a pictorial diagram of a PN junction is 
also illustrated. 





PN junction diodes are generally rated for the 
MAXIMUM AVERAGE FORWARD CURRENT, 
the PEAK RECURRENT FORWARD CURRENT, 
the MAXIMUM SURGE CURRENT, and the 
PEAK REVERSE VOLTAGE (PRV). 


MAXIMUM AVERAGE FORWARD CURRENT is 
given at a specified ambient temperature and 
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Figure 29-22 - PN junction symbols. 


refers to the maximum amount of average cur- 
rent which can be permitted to flow in the for- 
ward direction. Typical values of current for 
silicon diodes range from 150 ma to as high as 
250 amperes for a single diode. 


PEAK RECURRENT FORWARD CURRENT is 
the maximum peak current which can be per- 
mitted to flow in the forward direction in the 
form of recurring pulses. 


MAXIMUM SURGE CURRENT is the maximum 
current permitted to flow in the forward direc- 
tion in the form of non-recurring pulses. Cur- 
rent should not equal this value for more than a 
single forward cycle of diode operation. 


PEAK REVERSE VOLTAGE is one of the most 
important ratings. PRV indicates the maxi- 
mum reverse bias voltage which may be ap- 
plied to a diode. All of the above ratings are 
subject to change with temperature variations, 
f the temperature increase is above that stated 
for the ratings, all the ratings must be de- 
graded by an appropriate amount. 


Reverse bias (also called back bias) applied 
across a junction diode increases the barrier 
potential, making it more difficult for majority 
carriers to cross the junction. However, some 
minority carriers will still cross the junction, 
with the result that there will be a small cur- 
rent. This action is indicated in the static volt- 
age-current characteristic curve, shown in 
Figure 29-23. The forward portion of the curve 
indicates that the diode conducts easily when 
the potential across the junction is in the direc- 
tion of forward bias (P side positive and N side 
negative). The diode conducts poorly in the 
high resistance direction (reverse bias, P side 
negative and N side positive), For this condi- 
tion the holes and electrons are drawn away 
from the junction, causing an increase in the 
barrier potential. However, if the reverse bias 
is increased beyond a critical value the reverse 
current increases rapidly due to avalanche 
breakdown, The peak reverse voltage rating 
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Fanges from a low of approximately 40 volts to 
a high of 1000 volts for general applications, 
with special types (CR212, etc.) extending to 
approximately 12,000 volts. 

Avalanche breakdown occurs when the ap- 
plied voltage is sufficiently large to cause the 
covalent bond structure to break down. At this 
point a sharp rise in reverse current occurs. 
The acceleration of the few holes and electrons 
continues to such a point that they have violent 
collisions withthe valence bond electrons of the 
germanium or silicon crystal atoms releasing 
more and more carriers. The maximum re- 
verse voltage of the semiconductor diode cor- 
responds to the peak inverse voltage of an elec- 
tron-tube diode. 





Figure 29-23 - Voltage-current character- 
istics of germanium diode 
IN63(25°C). 


Q19. Is the cathode of a PN junction made of N 
or P type material? 


Q20. The normal maximum average forward 
current rating of a silicon diode is 500 ma at 
25°C. If the diode is operated in an ambient 
temperature of 85°C would the diode current 
rating increase or decrease? 


PN JUNCTION RECTIFIERS 


29-22. PN Junction Half-Wave Rectifier 

It has been shown that a PN junction pre- 
sents a low resistance to current flow in one 
direction and a high resistance to current flow 
in the opposite direction. Thus, the PN junc- 
tion or semiconductor diode possesses the 
property of rectification. 

Many types of semiconductor diodes are 
available. They vary in size from tiny ones 
hardly bigger than a pinhead, used in submini- 
ature circuitry, to large 500 ampere rectifiers 


7 
used in power supplies. A few of the many 
types are pictured in Figure 29-24. 





Figure 29-24 - Semiconductor diodes. 


The semiconductor diode may be used to 
replace the electron tube diode in the familiar 
power supply configurations. 

A simple half-wave rectifier circuit utilizing 
a silicon diode (PN junction) is illustrated in 
Figure 29-25. In operation an alternating volt- 
age is applied to the primary of transformer 
(T)). The transformer windings are wound so 
that there is no phase reversal. Thus, when the 
top of the primary is made positive by the input 
signal the induced voltage will make the top of 
the secondary positive. Forward biasing of a 
PN junction occurs when a positive voltage is 
applied to the P-type material and a negative 
voltage is applied to the N-type material. When 
the input signal causes the top of the secondary 
winding to become positive the diode is forward 
biased and will conduct. Electrons leave the 
bottom or negative end of the winding, flow 
through RL, through the PN junction and back 
to the top of the transformer winding. This 
current flow causes a voltage drop across the 
load resistor with a polarity negative at the 
bottom and positive at the top. The input and 
output waveforms (Figure 29-25) show a posi- 
tive voltage being produced for the first half 
cycle of the input signal. 





Figure 29-25 - PN junction half-wave rectifier. 
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Al7. Decreased. Forward bias reduces the 
width and intensity of the junction field. 


Al8. Aid. The direction of the junction field 
is such that it will ALWAYS aid minority 
current flow. The polarity and magni- 
tude of bias merely determines the DE- 
GREE of aid. 


Al9. N-type. 


A20. Decrease. The maximum ratings will 
be much less with increased tempera- 
ture. 


For the negative half cycle of the input signal 
the top of the secondary winding will become 
negative. Applying the negative potential to the 
P material of the junction will reverse bias the 
diode and no majority current will flow. How- 
ever, a small amount of reverse current will 
flow in the circuit due to the minority current 
flow in the PN junction. This is indicated in 
the output waveform by the small negative volt- 
age below the zero line. Under normal oper- 
ating conditions the reverse current is a VERY 
small percentage of the forward current. 





NOTE: Reverse current in the illustrations is 
overemphasized for explanatory purposes. 


29-23, PN Junction Full-Wave Rectifier 

A full-wave rectifier permits current to flow 
in the same direction through the load during 
both alternations of an ac input signal. 

Two silicon diodes may be used in a full- 
wave rectifier configuration to obtain full-wave 
rectification. Such a configuration is illus- 
trated in Figure 29-26. 

During operation, an alternating signal is 
applied to the primary of transformer (T}). 
When the input signal is going positive it makes 
the top of T, secondary positive and the bottom 
negative. Diode two (CR2) is forward biased 
because its anode (P material) has the positive 
potential from the top of the secondary applied 
to it. Diode one (CRI) is reversed biased be- 
cause its anode has the negative potential from 
the bottom of the secondary applied to it. Thus, 
when the input signal is going positive CR2 will 
be conducting and CRI will not. The current 
path will be into ground at the secondary wind- 
ing center tap, up through the load resistor 
(RL), through CR2 and back to the top of the 
winding. The waveforms (Figure 29-26) for the 
current through the diodes show CR2 conducting 
by MAJORITY current flow and CR! conducting 
by MINORITY current flow during the positive 





Figure 29-26 - PN junction full-wave 
rectifier. 


half of the input signal. Majority current flows 
upward throughRy, while minority current flows 
downward. Therefore, the minority current 
will subtract a small amount from the majority 
current. This is indicated in the output wave- 
form. The illustration is greatly exaggerated 
for explanation purposes. Under normal oper- 
ating conditions the reverse currentis so small 
that it subtracts a negligible amount from the 
forward current, 

On the negative half cycle of the input signal 
CRI will be forward biased and CR2 will be 
reversed biased. The forward current path will 
be into ground at the center tap of the secondary 
winding, up through the load resistor, through 
CRI and back to the bottom of the winding. Re- 
verse current will flow from the top of the 
winding through CR2, down through the load 
resistor, and through ground to the center tap 
of the winding. Notice that the output waveform 
has the same polarity regardless of which diode 
is conducting. The output of the circuit will be 
a pulsating dc. 


Q21. What polarity output voltage would the 
full-wave rectifier have if both silicon diodes 
were reversed? 


29-24. PN Junction Bridge Rectifier 

If four silicon diode rectifiers are connected 
as shown in Figure 29-27, the circuitis called 
a BRIDGE RECTIFIER. The input waveform 
(Figure 29-27), is applied to diagonally opposite 
corners of the network, points X and Y. The 
output is taken from the remaining two corners, 
across the load resistor Ry. During the first 
half cycle of the applied alternating voltage, 
point X becomes negative with respect to point 
Y by the amount of voltage induced in the sec- 
ondary of the transformer. During this time, 
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Figure 29-27 - PN junction bridge rectifier. 


the voltage between points X and Y may be con- 
sidered to be impressed across a load consist- 
ing of CR], load resistor RL, and CR2 inseries. 
The voltage applied across these diodes makes 
their anodes more positive than their cathodes 
(forward bias) and forward current flows in the 
path indicated by the solid arrow. The wave- 
forms (Figure 29-27) indicate the voltage and 
current conditions inthe circuit for the nega- 
tive half cycle of the input signal. The current 
through the load resistance is always in the 
same direction. 

On the second or negative half cycle, point X 
becomes positive with respect to point Y. Dur- 
ing this time the voltage between points X and 
Y may be considered to be impressed across a 
load consisting of CR4, Ry, and CR3 in series. 
Since the forward voltage drop of the silicon 
diodes is very small most of the voltage will 
appear across Ry. The current path is indi- 
cated by the dotted arrows. 

The bridge rectifier is a full-wave rectifier 
because current flows in the loading during both 
alternations of the input signal. One advantage 
of the bridge rectifier over the conventional 
full-wave rectifier is that, with a given trans- 
former, the bridge circuit produces a voltage 
output nearly twice that of the full-wave circuit. 
This increase in voltage is due to the fact that 
the bridge circuit does not use a center tapped 
secondaryas does the full-wave circuit. There- 
fore the bridge circuit applies the full voltage 
of the secondary to the rectifiers while the full- 
wave circuit applies only the voltage between 
the center tap and one end of the secondary 
winding. 

A second advantage of the bridge circuit is 
that the peak reverse voltage across a diode is 
only half the peak reverse voltage across a 
diode in a full-wave circuit designed for the 
same output voltage. 
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Q22. In a full-wave rectifier circuit, what is 
the effect on the junction field of the non-con- 
ducting diode when the other diode is conduct- 
ing? 


Q23. What is the cause of the reverse current 
flow in the PN junction bridge rectifier. 


FILTER CIRCUITS 


The preceding paragraphs have discussed 
methods of converting alternating current into 
pulsating direct current by use of various solid 
state rectifier circuits. Most electronic equip- 
ment requires a smooth de supply, approaching 
the ripple-free output of a battery. Conversion 
of pulsating direct current to pure direct cur- 
rent is accomplished by the use of properly de- 
signed filters. 

The unfiltered output of a full-wave rectifier 
is shown in Figure 29-28. The polarity of the 
output voltage does not reverse, but its magni- 
tude fluctuates about an average value as the 
successive pulses of energy are delivered to 
the load. In Figure 29-28, the average voltage 
is shown as the line that divides the waveform 
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Figure 29-28 - Unfiltered output voltage of 
a full-wave rectifier, 


so that area A equals area B. The fluctuation of 
voltage above and below this average value is 
called RIPPLE. The frequency of the main 
component ofthe ripple fora full-wave rectifier 
is twice the frequency of the voltage that is be- 
ing rectified. In the case of the half-wave rec- 
tifier the ripple has the same frequency as the 
input alternating voltage. Thus, if the input 
voltage is obtained from a 60 cps source, the 
main component of ripple in the output ofa half- 
wave rectifier is 60 cps, and inthe full-wave 
rectifier it is 120 cps. 

The output of any rectifier is composed of 
a direct voltage and an alternating or ripple 
voltage. For most applications, the ripple volt- 
age must be reduced toa very low amplitude. 
The amount of ripple that can be tolerated varies 
with different applications. 

The PERCENTAGE OF RIPPLE is 100 times 
the ratio of the RMS value of the ripple voltage 
at the output ofa rectifier filter to the average 
value, Eo, of the total output voltage. Figure 
29-29 indicates graphically how the percentage 
of ripple may be determined. It is assumed 
that the ripple voltage is sinusoidal. 
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A21. Negative. Forward current flow would 
be downward through the load resistor. 


A22. The junction of the non-conducting diode 
is increased because it is reverse biased 
at the time the other diode is conducting. 


A23. The generation of electron-hole pairs in 
the silicon diodes, 
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Figure 29-29 - Percentage of ripple. 


The formula for determining the percentage of 
ripple is: 


E 
percentage of ripple = a x 100 (17-1) 


‘O 





where ERMS = 0.707 of ep, and ep is the peak 
value of the ripple voltage. 

A circuit that eliminates the ripple voltage 
from the rectifier output is called a FILTER. 
Filter systems in general are composed of a 
combination of capacitors, inductors, and in 
some cases resistors. 


29-25. Simple Capacitive Filter 

Ripple voltage exists because energy is sup- 
plied in pulses to the load by the rectifier. The 
fluctuations can be reduced considerably if some 
energy can be stored in a capacitor while the 
rectifier is delivering its pulse and allowed to 
discharge from the capacitor between pulses. 

Figure 29-30A shows the output of a half- 
wave rectifier. This pulsating voltage is ap- 
plied across a filter capacitor (C in Figure 29- 
308) to supply the load, RL. Because the rate 
of charge of C is limited only by the reactance 
of the transformer secondary and the forward 
resistance of the diode in the rectifier, the 
voltage across the capacitor can rise nearly as 
fast as the half-sine-wave voltage output from 
the rectifier. In other words, the RC charge 
tume is relatively short. The capacitor, C, 
therefore, is charged to the peak voltage of the 
rectifier within a few cycles. The charge on 
the capacitor represents a storage of energy. 
When the rectifier output drops to zero, the 
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Figure 29-30 - Capacitive filter and 
waveforms. 


voltage across the capacitor does not fall im- 
mediately. Instead, the energy stored in the 
capacitor is discharged through the load during 
the time that the rectifier is not supplying en- 
ergy (when the anode is negative). The voltage 
across the capacitor (and the load) falls off 
very slowly if it is assumed that a large ca- 
pacitance and a relatively large value of load 
resistance are employed. In other words, the 
RC discharge time is relatively long. The am- 
plitude of the ripple therefore is greatly de- 
creased, as may be seen in Figure 29-30C, 

Figure 29-31A shows the input voltage to 
the filter when a full-wave rectifier is used, 
and Figure 29-31B shows the resulting output 
voltage waveform. 

After the capacitor has been charged (with 
either half-wave or full-wave input), the rec- 
tifier does not begin to pass current until the 
output voltage of the rectifier exceeds the volt- 
age across the capacitor. Thus, in Figures 
29-30C and 29-31B, current begins to flow in 
the rectifier when the rectifier output reaches 
a voltage equal to the capacitor voltage. This 
occurs at time tl, when the rectifier output 
voltage has a magnitude of E}. Current con- 
tinues to flow in the rectifier until slightly aiter 
the peak of the half-sine wave, at time tg. At 
this time the sine-wave voltage is falling faster 
than the capacitor can discharge. A short pulse 
of current, beginning at t, and ending at tz, is 
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Figure 29-31 - Waveforms for full-wave 
rectifier capacitive 
filter. 


therefore supplied to the capacitor by the power 
source. 

The average voltage of the rectifier output 
is shown in Figure 29-30A and 29-31A. Be- 
cause the capacitor absorbs energy during the 
pulse and delivers this energy to the load be- 
tween pulses, the output voltage can never fall 
to zero. Hence, the average voltage of the fil- 
tered output is greater than that ofthe unfiltered 
input. However, if the resistance of the load is 
small, a heavy current is drawn by the load and 
the average or direct voltage falls. For this 
reason, the simple capacitor filter is not used 
with rectifiers that must supply a large load 
current, Also the input capacitor acts like a 
short circuitacross the rectifier while the ca- 
pacitor is charging. Because of this high peak- 
ed load on the rectifier a current limiting re- 
sistor, such as Rj in Figure 29-30B, is used 
to protect the diode. 


Q24. What would be the effect on circuit oper- 
ation if the current limiting resistor was in- 
stalled on the filter side of the diode rather 
than on the transformer side? 


29-26. Pi-Section Filter 

The ripple voltage present in a rectifier 
output cannot be eliminated adequately in many 
cases by the simple capacitor filter. Filters 
that are much more effective can be made if 
both inductors and capacitors are used. The 
function of the capacitor is to store and release 
energy, while the inductors simultaneously tend 
to prevent change in the magnitude of the cur- 
rent. The result of these two actions is to re- 
move the ripple from the rectifier output and to 
produce avoltage having anearly constant mag- 
nitude. 


Figure 29-32 shows a circuit diagram of an 
inductance-capacitance filter used primarily 
with receiver power supplies and other low- 
current power supplies. 








Figure 29-32 - Waveforms of current and 
voltage in rectifier with 
pi-section filter. 


This type of filter is given the name PI- 
SECTION because the configuration of the sche- 
matic diagram resembles the Greek letter, 7 . 
It is also calleda CAPACITOR INPUT FILTER. 
With this type of filter the output waveform 
closely approximates that of pure direct current, 
The series choke in the pi-section filter serves 
to maintain the current at a nearly constant 
level during the charging and discharging cycle 
of the input capacitor. 

At the bottom of Figure 29-32 are shown the 
waveforms of current through CRI and CR2 and 
the voltage across Cl. The current flow through 
the rectifier diodes is a series of sharp peaked 
pulses, because the input capacitor acts like a 
short circuit across the rectifier while the ca- 
pacitor is charging. 


Q25. Ina pi-section filter (Figure 29-32) give 
the discharge path of the input capacitor. 


29-27. L-Section Filter 

A type of filter used primarily in high-cur- 
rent applications is the L-section filter, so 
named because of its resemblance to an in- 
verted "L". A schematic diagram of this type 
of filter is shown in Figure 29-33. The com- 
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A24. No difference in circuit operation be- 
cause the resistor is in series with the 
diode. 


A25. Through the load, the series choke and 
back to the capacito 








Figure 29-33 - Current and voltage waveforms 
in full-wave rectifier with 
L-section filter. 


ponents perform the same functions as in the 
pi-section filter except that the inductor, or 
choke, input reduces the voltage output of the 
filter as compared to a capacitive input filter. 
This filter is also called a CHOKE INPUT 
FILTER. The input choke allows a continuous 
flow of current from the rectifier diodes rather 
than the pulsating current flow demanded by the 
capacitor input filter. The L-section filter is 
seldom used with half-wave rectifiers because 
there is no device to maintain current flow 
through the load between the half cycles. 

Because of the uniform flow of current, the 
L-section filter has the advantage of better 
voltage regulation, The inductive reactance of 
the choke reduces the ripple voltage without re- 
ducing the de output voltage. 

Its advantage lies in the fact that it allows 
each rectifier diode to operate at a relatively 
constant level of current flow during its half- 
cycle of operation. This type of operation al- 
lows a rectifier to supply the maximum current 


to the load that itis capable of delivering. A 
disadvantage of the L-section filter is that in- 
stead of delivering a voltage equal to the peak 
value of the transformer secondary, it supplies 
a voltage equal to the average of the ac voltage 
delivered to the rectifier. 

Two L-section filters are sometimes used 
in series to obtain a higher degree of filtering 
action. 


SOLID STATE VOLTAGE REGULATORS 


The output voltage developed by any source 
of power tends to decrease when current is 
drawn from the source. Most electronic gear 
used in the Navy can operate satisfactorily with 
a certain amountof variation in the supply volt- 
age without suffering severe operational de- 
ficiency. However, some circuits are very 
critical and even a slight deviation from the 
normal supply voltage will cause unsatisfactory 
operation. These circuits require the use of 
some type of voltage-regulating device. 


29-28. Glow-Tube Voltage Regulator 

In a glow-discharge tube, such as the neon 
glow tube, the voltage across the tube remains 
constant over a fairly wide range of current 
through the tube. This property exists because 
the degree of ionization of the gas in the tube 
varies with the amount of current that the tube 
conducts. When a large current is passed, the 
gas is very highly ionized and the internal im- 
pedance of the tube is low, When a small cur- 
rent is passed, the gas is lightly ionized and the 
internal impedance of the tube is high. Over 
the operating range of the tube, the product of 
the current through the tube and the internal 
impedance of the tube is practically constant. 

A simple glow-tube regulator is shown in 
Figure 29-34. The load current and the cur- 
rent that flows in the neon glow tube both pass 
through the series resistor, R. If the supply 
voltage drops, the voltage across the neon tube 
tends to drop. Therefore, the gas in the neon 
tube deionizes slightly and less current passes 
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Figure 29-34 - Simple glow-tube voltage 
regulator. 
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through the tube. The current through R is de- 
creased by the amount of the current decrease 
in the tube. Because the current through R is 
less, the voltage drop across Ris less. If the 
resistor is of the proper value relative to the 
load and to the glow tube that is used, the volt- 
age across the load is held fairly constant. In 
any case, the value of R must not be so large 
that the neon tube fails to ionize. 

Glow tubes are designed to operate at vari- 
ous values of voltage ranging from 75 to 150 
volts. 


29-29. Crystal Diode Voltage Regulator 

Equipment using circuits employing solid 
state devices require power supply voltages and 
currents much lower than those normally deliv- 
ered by electron tube power supplies. The val- 
ue of voltage for a solid state power supply is 
on the order of 20 volts or less. Even though 
the voltagesare lowerthere are many instances 
where voltage regulation is required. The glow- 
tube regulator is useless in this application be- 
cause the ionizing potential is far higher thar 
the potentials employed. Therefore, a special- 
ly manufactured crystal (semiconductor) diode 
is required that willoperate in the same manner 
as the glow-tube regulator but at lower poten- 
tials. Crystals manufactured for the purpose 
of voltage regulation are called ZENER DIODES, 
AVALANCHE DIODES, or BREAKDOWN DI- 
ODES. These diodes utilize the breakdown volt- 
age and the avalanche current region of the PN 
junction, hence their name. 

A breakdown, zener, or avalanche diode op- 
erated with forward bias will behave in much 
the same manner asa regular PN junction. In 
the normal operation of a regular PN junction 
great care is taken to assure that the breakdown 
voltage is not exceeded for fear of destroying 
the crystal. However, the voltage regulator 
diodes are designed to operate in the avalanche 
region without damage. The voltage-current 
characteristics of a typical ZENER Diode is 
shown in Figure 29-35 for convenience. 

The operation of an avalanche diode as a 
voltage regulator is accomplished in the follow- 
ing manner. With small reverse bias across 
the PN junction the barrier potential is increas- 
ed. Only a small leakage current will flow be- 
cause the majority current carriers in both P 
and N sides of the junction are attracted away 
from the junction, This action leaves a space 
charge depletion layer adjacent to the junc- 
tion. 

Increasing the reverse voltage across the 
junction increases the velocity of the minority 
carriers in this region. (The intensity of the 
junction field is increased and hence increased 
acceleration of the minority carriers). Some 
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Figure 29-35 - Volt-current characteristics 
of a typical zener diode 
1N63(25°C),. 


of these carriers collide with covalent bond 
electrons releasing them as carriers. This 
action has a cumulative effect called avalanche 
ionization. It comprises a rapidly rising re- 
verse current that, unless checked by a series 
limiting resistor, may destroy the semiconduc- 
tor. The reverse voltage at which avalanche 
effect occurs is called the REVERSE BREAK- 
DOWN VOLTAGE and is abbreviated BVR. 

The symbol B is used in the crystal diode 
(CR,Figure 29-36) to indicate operation in the 
reverse breakdown voltage region. When op- 
erated in this way the voltage across the load 
is held constant because the load is in parallel 
with the crystal diode, and the reverse break- 
down voltage of the diode is approximately con- 
stant for wide changes in diode current. 

Ifthe supply voltage decreases (Figure 29-36) 
the reverse voltage across the semiconductor 
diode CR will tend to decrease. Thusthe speed 
of the current carriers in the crystal will de- 
crease andthe number of collisions with valence 
electrons will decrease with the result that the 
reverse current through the crystal will de- 
crease. The current through R is decreased by 
the amount of the current decrease through 
crystal CR. Because the current through R is 
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Figure 29-36 - Breakdown diode voltage 
regulator. 
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decreased, the voltage drop across R is pro- 
portionately less. If R has the right value rel- 
atively to the load and to CR, the voltage across 
the load will remain fairly constant. However, 
R must not be so large that the avalanche effect 
will not take place in the crystal. 

If a source voltage of 12 volts is applied to the 
input of Figure 29-36, and the desired load volt- 
age is 8 volts (as indicated by point "x" in Fig- 
ure 29-35) the voltage drop across R must be 
equal to 4 volts. e.g., 12V - 4V = 8V. Assum- 
ing a load current of 40ma and a Zener reverse 
current of 40 ma, the current flowing through R 
would be equal to 80ma. The value of R can be 
determined by use of Ohm's law as follows: 


-£ 
Busey 

4 
R= B0ma 
R = 50 ohms 


Zener diodes are designated to operate at 
various voltages. When a regulated voltage in 
excess of the rating of one Zener diode is re- 
quired, two or more diodes may be connected 
in series. This arrangement permits several 
regulated voltages with small current drain to 
be obtained from a single rectifier power sup- 
ply. The breakdown diode, when operated in 
the forward biased direction, has a negative 
temperature coefficient. That is, an increase 
in ambient temperature willcause a decrease in 
junction resistance. When operated in the ava- 
lanche region the breakdown diode will exhibit a 
positive temperature coefficient (increased am- 
bient temperature will resultin increased junc- 
tion resistance. 
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EXERCISE 29 


What is the name of the general class of 
materials used in the manufacture of PN 
junctions? 

Name two materials from which PN junc- 
tions are made. 

What is the function of the electrons in the 
outermost orbits of an atom? 

How many orbital electrons does the ele- 
ment gallium have if its atomic number is 
31? 

An element has an atomic number of 34. 
What is its outer most subshell and how 
many electrons does this subshell possess? 
Define the terms: valence shell, valence 
electron, and valence number. Give the 
valence number of silicon. 

Describe an ionic bond. 

Describe a covalent bond. 

What is intrinsic material? 

What is the difference between a valence 
band electron and a conduction band elec- 
tron? 

How may valence bonds be brokenin semi- 
conductor crystals? 

What phenomenon occurs when heat, at 
room temperature, is applied to an intrin- 
sic semiconductor material? 

What is a donor atom? 

What is a donor ion? 

What is an acceptor atom? 

What is an acceptor ion? 

What is meant when a crystal is said to be 
"doped"? 

Describe P-type material. 

Describe N-type material. 

Define the term "hole" in your own words. 
To what degree is a crystal doped when a 
PN junction is formed? 

Explain how it is possible for an electron 
from a donor atom to exist in the forbidden 
region of a silicon crystal. 

Describe, in your own words, how a hole 
is created. 

Since an N-type material contains excess 
electrons, what is the charge on an isolated 
piece of N material? Explain your answer. 
Explain why a PN junction possesses rec- 
tifying properties. 

By what process is the junction field form- 
ed? 

When is equilibrium established in a PN 
junction. 

What is the net charge on a PN junction? 
Explain your answer. 

In order to obtain a positive output from a 
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half-wave rectifier would the anode or the 
cathode of the PN junction be connected to 
the transformer winding? Always? 

What type of circuitis shown in Figure 29- 
37. Will it operate? If so, explain its 


operation giving current paths and wave- 
forms, etc. 





Figure 29-37 


Sketch a bridge rectifier circuit with a Pi- 
section filter that will provide a negative 
output voltage. Show current paths, etc. 
Why would a capacitive input filter anda 
half-wave rectifier be unsuitable for use 
as a power supply when the load resistance 
is very small? 

If current were the prime consideration of 
a power supply, rather than voltage, what 
type of filter would most likely be used? 
Describe the function of the series resistor 
in a simple voltage regulator. 

What happens to the majority current ina 
breakdown diode when the reverse bias is 
increased? 

It is desired to regulate the output voltage 
ofthe power supply in Figure 29-38. Sketch 
your idea of how a breakdown diode voltage 
regulator and load might be connected and 
explain how your regulator would work (in- 
clude polarities, current paths, values, 
etc.). 





Figure 29-38 


CHAPTER 30 
TWO JUNCTION TRANSISTORS 


The transistor is a relatively new form of elec- 
tronic device. It can perform many of the 
functions of an electron tube, and in addition, 
can do some things better and more efficiently. 
Electron tubes depend on the flow of electrons 
through a vacuum, a gas, or a vapor; whereas, 
transistors make use of the flow of current 
carriers througha special type of solid known as 
a SEMICONDUCTOR. 

Although semiconductor diodes can permit 
more current to flow in one direction than the 
other (ability to rectify), they cannot amplify 
a signal. Three element semiconductors (like 
the three element electron tube) are needed 
in order to amplify a signal. 

Semiconductors that can amplify a signal are 
called TRANSISTORS. There are many differ-~ 
ent types of transistors with individual char- 
acteristics, but the theory of operation is basic 
to all of them. 

The advent of the transistor has opened a 
completely new field for the development of 
portable equipment. The compactness and 
ruggedness of transistorized equipment has 
allowed the manufacture of portable equipment 
that was previously impractical, due to weight 
and expense, etc. 

Transistors are now being used in mobile 
equipment, test equipment, tape recorders, 
photographic equipment, hearing aids, radios; 
and the list goes onwithout end. In other words, 
transistors may be used in almost any appli- 
cation where low and medium power electron 
tubes are used. 





30-1. Comparison of Electron Triode and Two 


Junction Transistors 

In some ways the triode electron tube and 
the junction transistor are similar. Both have 
three elements, and these three elements may 
be compared in the way they work to produce 
amplification. 

In the electron tube triode the three elements 
are: 





1. The CATHODE which gives off or emits 
electrons. 

2. The GRID which controls the flow of elec- 
trons. 

3, The PLATE which attracts or COLLECTS 
the electrons. 
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CATHODE 
(A) TRIODE ELECTRON TUBE 


a 


COLLECTOR 
BASES 
EMJTTER 


(B) DEVICE AND SCHEMATIC SYMBOL : NPN 
Cc 


COLLECTOR 


EMITTER E 
(©) DEVICE AND SCHEMATIC SYMBOL : PNP 





Figure 30-1 - Corresponding elements of triode 
electron tube and junction transistor. 


The three elements in the two junction trans- 
istor are: 


1. The EMITTER which gives off, or EMITS 
current carriers (electrons or holes). 

2, The BASE which can control the flow of the 
current carriers. 

3. The COLLECTOR which collects the cur- 
rent carriers emitted by the emitter. 


Transistors are classed as PNP or NPN 
according to the arrangement of the impurities 
in the crystal. Transistors contain two of the 
basic PN junctions previously described. One 
PN junction is between the emitter and the base 
The other PN junction is between the collector 
and the base. 

The three elements in a triode electron tube 
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and the corresponding elements in the PNP and ag RE 


NPN junction transistors are illustrated in Fig- 
ure 30-1. The corresponding schematic symbols 
for the PNP and NPN junction transistors are 
shown at the right of the device symbols in 
Figure 30-1(B)(C). 

In the PNP transistor, the collector collects 
holes. In the NPN transistor the collector 
collects electrons. The schematic symbol for 
both types is similar but not identical. A heavy 
straight line represents the base and two slant- 
ing lines to the base represent the emitter and 
collector terminals. An arrowhead is placed on 
the emitter line and points toward the base for 
PNP transistors, and away from the base for 
NPN transistors. The ARROWHEAD ALWAYS 
POINTS TOWARD THE N-TYPE MATERIAL. 
Thus, if the arrowhead points toward the base 
line the base is N type material and the trans- 
istor is a PNP transistor. If the arrowhead 
points away from the base line (toward the 
emitter) the emitter material must be N type. 
Since the base is always of the opposite type 
material, the base must be of a P type material 
and the transistor is an NPN transistor. 





30-2, Biasing and Basic Current Paths 

Tt has been mentioned that the two junction 
transistor contains two PN junctions. One of 
these junctions exists between the emitter 
material and the base material, and is called 
EMITTER-BASE JUNCTION. The other junc- 
tion exists between the collector material and 
the base material andis called the COLLECTOR- 
BASE JUNCTION. 

As mentioned in Chapter 29, each PN junc- 
tion contains a depletion region. This depletion 
region is formed initially by the diffusion and 
recombination of majority carriers in the vicin- 
ity of the junction. During the diffusion process, 
positive ions in the N region and negative ions 
in the P region are left uncompensated (the 
mobile carriers which balanced them are lost 
in recombination). These charged atoms, or 
ions as they are called, are fixed inplace in the 
crystal lattice structure, and cannot move. 
Thus, they make up a layer of fixed charges on 
the two sides of the junction. On the N side of 
the junction there is a layer of positively charg- 
ed ions; on the P side of the junction there is a 
layer of negatively charged ions. Therefore, 
an electric field is established as shown in Fig- 
ure 30-2. Inthe unbiased junction, the magnitude 
of this field is such that it exactly neutralizes 
the tendency for diffusion, and the major portion 
of the recombination action ceases. 

The depletion region is an area where few 
free carriers exist. The reason for this is the 
junction field. A free carrier coming under the 
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Figure 30-2 - Electrostatic field of PN junction. 


influence of the electrostatic field will be accel- 
erated out of the field (electrons are accelerated 
against the arrow and holes are accelerated 
with the arrow). After the junction field is 
established, the free electrons in the N type 
material must overcome the energy of the field 
(traveling with the arrows) to reach the P type 
material. 

Application of bias to a junction causes the 
junction field to increase or decrease. Appli- 
cation of forward bias, as in Figure 30-3, 
causes the junction field to be reduced; thereby 
making it easier for the free electrons to cross 
the junction. Increasing the forward bias 
further decreases the opposition of the junction 
field, thereby, increasing current flow through 
the junction. 








Figure 30-3 - Forward biased PN junction. 


Application of reverse bias, as in Figure 30-4 
causes the junction field to be increased; thereby; 
making it more difficult for the majority 
carriers to cross the junction. Increasing the 
reverse bias further increases the magnitude 
of the junction field, and thus, increases the 
opposition to majority current flow. 

Although semiconductor diodes can permit 
more current to flow in one direction than the 
other (ability to rectify), they cannot amplify a 
signal. Three clement semiconductors are 
needed in order to amplify 
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Figure 30-4 - Reversed biased PN junction. 


One type of junction transistor is formed by 
introducing a thin region of P type material 
between two regions of N type material in a 
single crystal of silicon or germanium. The 
transistor soformedis calledan NPN transistor. 
By introducing a thin region of N type material 
between two regions of P type material a PNP 
transistor is formed, 

The electrostatic junction fields are estab- 
lished in the same manner as in the basic PN 
junction. Figure 30-5 shows a pictorial view of 
an unbiased NPN transistor. The ions and 
mobile carriers are included along with the 
junction fields in order to indicate the charge 
distribution in the transistor. 
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Figure 30-5 - Unbi 





ed two junction transistor. 


In this unbiased transistor, diffusion and 
recombination has already occurred and the 
junction fields have been established. The base 
in Figure 30-5 is formed of P type material and 
contains negative ions (due to acceptor atoms) 
and holes (due to ionized germanium or silicon 
atoms). The emitter and collector are both N 
type material and contain positive ions (due to 
donor atoms) and free electrons. 

The collector-base junction field is larger 
and stronger than the emitter-base field. This 
is accomplished by controlling the amount of 
impurities (doping) added to each element. Be- 
cause the doping of each element is highly 


variable, depending on the job the transistor is 
designed to do, no attempt will be made to ex- 
plain the doping procedure. 

In normal operation the emitter-base junction 
is forward biased and the collector-base junc- 
tion is reverse biased. Forward biasing of the 
emitter base junction reduces the size and 
intensity of the emitter-base field. Therefore, 
the emitter-base junction is usually referred to 
as the low resistance junction. Reverse biasing 
the collector-base junction increases the size 
of the collector-base field. Reverse biasing 
opposes conduction by majority carriers, thus, 
the collector-base junction is referred to as the 
high resistance junction. Figure 30-6 a 
pictorial diagram of the two junction transistor 
showing the effect on the junction fields when 
the two biasing batteries are connected. The 
bias batteries are labeled VCC for the collector 
voltage supply and VEE for the emitter voltage 
supply. In transistors the letter V is used in 
place of the letter E to indicate voltage due to the 
fact that the letter E is used to indicate the 
emitter electrode. A list of common symbols 
used in connection with semiconductor devices 
is included at the end of this chapter. 














Figure 30-6 - Biased two junction transistor. 


If the transistor is of the PNP type the bias 
batteries and the direction of the junction fields 
will be reversed. 

The basic current paths through an NPN 
transistor are illustrated in Figure 30-7A. 
The solid arrows indicate current flow due to 
free electrons. The dotted arrows indicate 
current flow due to hole movement (valence 
band electron movement). Current flow in the 
external circuit is always due to the movement 
of freeelectrons. Emitter current(I£) is shown 
leaving the emitter supply battery and flowing 
to the N type emitter. Since electrons are the 
majority carrier in N material the electrons 
will move through the emitter to the emitter- 
base field. Having gained energy from Vpp the 
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electrons will overcome the small opposition of 
the forward biased junction and be injected into 
the base region, However, the base region is 
P type material and the electrons are now 
MINORITY carriers. As they move into the 
base region, some of them will recombine with 
available holes. The electrons that recombine 
will move out through the base lead as base 
current (Ip), and return to the emitter supply 
battery VEE. Most of the electrons that move 
into the base region will eventually come under 
the influence of the collector-base junction field. 
The direction of the reverse biased collector- 
base field is such that minority carriers will be 
accelerated, Since the electrons are minority 
carriers at this time, they will be accelerated 
through the field and injected into the collector 
region, The collector is N-type material and 
the electrons are again majority current carri- 
ers. The electrons will move through the 
collector material to the collector terminal. 
They will then move out of the collector and 
return to the positive terminal of Vcc as 


collector current (Ic). 





Figure 30-7 - Basic current paths for NPN and 
PNP transistors 


The basic current paths in a PNP transistor 
are shown in Figure 30-7B. The majority cur- 
rent carrier in the PNP transistor is the hole. 
Briefly, the method of transporting a current 
through a PNP transistor is as follows: The 
cnergy supplied by the positive terminal of the 
emitter supply (VfF) causes an electron hole 
pair to be generated at the emitter terminal. 


The electron travels through the wire to the 
positive terminal of VEE as emitter current, 
Ip. The hole travels through the transistor 
from emitter to collector, by the method pre- 
viously described in Chapter 29, as hole move- 
ment. Upon reaching the collector terminal the 
hole will recombine with an electron from the 
negative terminal of the collector supply (Vcc) 

While the current flow in the external cir- 
cuit of the PNP transistor is opposite to that of 
the NPN, it will be noticed that, regardless of 
the type of transistor, the MAJORITY CARRIER 
always moves through the transistor FROM 
EMITTER TO COLLECTOR. 

Some holes, which are injected into the base 
by the emitter, will not complete the journey to 
the collector, but instead will recombine with 
electrons in the base, This recombination 
causes electrons to be drawn from the negative 
terminal of Vpp, through the base lead, and 
into the N type base material. The result isa 
small base lead current. 

Although there are other factors (discussed 
inthe next section) involved in the transportation 
of a current through a transistor, the basic 
action is as just described. 


Ql. Why are an electron tube cathode anda 
transistor emitter similar? 


Q2. Inbiasing aPNP transistor would the nega- 
tive or positive terminal of Vg be connected to 
the emitter? 


Q3. If the base of a PNP transistor were more 
positive than the collector what type of bias 
would the collector-base junction have? 


30-3. Drift, Diffusion and Base Recombination 
“DRIFT, DIFFUSION and RECOMBINATION 
in the base region are factors directly affecting 
the movement of current through a junction 
transistor Therefore, before going further, a 
brief discussion of these factors will be of value. 

Whenever a current carrier(suchas an elec- 
tron) comes under the influence of an electric 
field, it will drift in a predetermined direction. 
For instance, if a potential difference is applied 
to a piece of copper wire, current will flow 
through the wire from the negative potential 
toward the positive potential. AT ANY GIVEN 
INSTANT wary of the electrons in the wire will 
be moving indirections tangent or even opposite 
to the direction of the main current flow. In 
other words, the electrons will not move ina 
direct line from the negative to the positive 
potential but will take a wandering path. If it 
were possible to look at a few electrons moving 
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through the wire, their paths mightappear some- 
thing like that in Figure 30-8. The important 
point to remember is that when an electric field 
is established in a material which has an abund- 
ance of current carriers, more of the carriers 
will move in a direction determined by the field 
than will move in other directions. By way of 
definition: DRIFT CURRENT is the flow of 
charge carriers under the influence of an elec- 
tric field, 








Figure 30-8 - Drift superimposed on random 
path of single carrier. 


A charge flow will also occur if there isa 
difference in DENSITY of carriers between one 
area and another of a given volume of material. 
In other words, if more carriers exist at one 
side of a piece of semiconductor material than 
exist at the other, there will be a charge flow 
from the side with the greater density tothe side 
with the lesser density. When no external in- 
fluences are applied, the carriers (electrons or 
holes) will distribute themselves evenly through- 
out the crystal. This is analogous to the action 
which occurs when smoke is blown into a sealed 
glass through a small hole. Given a small 
amount of time the smoke will distribute itself 
evenly throughout the volume of the glass. 
Charge flow that takes place under these con- 
ditions is called DIFFUSION CURRENT. As 
before, each individual carrier has an unpredict- 
able random motion due to thermal energy, but 
when there is a difference in carrier concen- 
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tration (density gradient), MORE CARRIERS 
WILL MOVE TOWARD THE AREA OF LESSER 
DENSITY THAN WILL MOVE IN ANY OTHER 
DIRECTION. By way of definition:, DIFFUSION 
is a charge flow due to a density gradient and 
not an electric field. 

Carriers that enter the base region and re- 
combine are lost as far as collector current is 
concerned. Thus, for the transistor to be effi- 
cient, as many of the emitter carriers as 
possible must reach the collector region. If the 
base region is too wide, all the carriers injected 
into the base by the emitter will recombine and 
leave the crystal as base current, (Ip). The 
solution for this problem is to make the base 
region very thin, thereby reducing the oppor- 
tunity for a carrier to recombine and be lost. 
Figure 30-9 shows a realistic pictorial diagram 
of a transistor which illustrates the thin base 
region. 





Figure 30-9 - Pictorial diagram of a PNP 
transistor. 


The collector is made physically larger, 
first to increase the chance of collecting car- 
riers that diffuse to the side as well as directly 
across the base region; and second to give ita 
larger heat dissipation factor (explained later). 
Inpractical transistors 92% to 99%(and in many 
cases even more) of the carriers emitted by the 
emitter reach the collector. 


Q4, Ifa semiconductor material had a density 
gradient (concentration of carriers in one area) 
plus an electric field, would it be possible to 
have diffusion current and driftcurrentoccur at 
the same time? 


Q5, What happens to the 1% to 8% of emitter 
carriers that do not reach the collector? 


Al. Both elements emit the major current 
carrier for their respective devices. 


A2. Positive. 
A3, Reverse bias. 


A4, Yes. The result would be drift current 
superimposed on diffusion current. 


A5, They leave the crystalas base current(Ip). 








30-4, Base Lead Current 

Tn Figure 30-7A the electron current (Ip) in 
the base lead for an NPN transistor is shown to 
flow away from the base region. This may, or 
may not, be the case for an NPN transistor used 
in a specific application. Figure 30-7A neglects 
the REVERSE CURRENT flow between the col- 
lector and base. In other words, if the emitter 
lead were opened, there would be a very small 
reverse current flow between the collector and 
base. This current flow is calledICBO. The 
letter "I" indicates current, the subscripts "C" 
and 'B" indicate the collector and base elec- 
trodes; and the subscript "O" means emitter 
open, Thus, I¢RO means collector to base 
current measured with the emitter open. Fig- 
ure 30-10 shows an NPN transistor with the 
emitter circuit open and only ICBO flowing. 


NOTE: The block pictorial diagram is used for 
ease of demonstration. 





Figure 30-10 - Icgo in an NPN transistor. 


The flow of ICBO is opposite to the normal 
base lead current (Ig). However, under normal 
operating conditions the magnitude of the reverse 
currentis too small(in the microampere range) 
to subtract a significant amount from the base 
current, Under normal conditions the base lead 
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current (Ig) for an NPN transistor will flow 
AWAY from the base and for a PNP, base cur- 
rent (Ig) will flow TOWARD the base, although 
it should be remembered that the base lead 
current for either type of transistor depends on 
the percentage of emitter current that recom- 
bines in the base region; and the magnitude of 
the reverse current (ICBO). ICBO increases 
rapidly as temperature increases (exponential 
increase). Ic¢po doubles in value for every 8 
to 10 degrees centigrade rise in temperature. 


Q6. Why does ICBO in an NPN transistor con- 
sist of electron flow in the P type material and 
hole current in the N type material? 


30-5. Current Gain in the Basic Transistor 

Current in the emitter circuit can be varied 
by changing the emitter-base voltage. The 
change in the emitter current will cause an al- 
most equal change in the collector current. 
The change in the collector current is always 
slightly less than the change in the emitter cur- 
rent because some of the emitter current will 
leave the transistor as base current. The 
collector current is the difference between the 
emitter current and the base current, or: 

I¢ =Ip-Ip (30-1) 

The current gain of atransistor is analogous 
to the amplification factor of a triode electron 
tube. The transistor, however, has either of 
two current gains depending upon the circuit 
connection. 

Transistor current gain in one type of cir- 
cuit connection is the ratio of the change in 
collector current to the corresponding change 
in emitter current for a constant collector to 
base voltage. In this circuit, current gain is 
designated as alpha(a). The equation is: 


a= Alc (30-2) 
Big] Vcp constant 


Transistor current gainfor another type of con- 
nection is the ratio of the change in collector 
current to the corresponding change in base cur- 
rent for a constant collector to emitter voltage. 
In this circuit, current gain is designated as B 
(pronounced beta). The equation is: 
ic 

Dig | VceE constant 


(30-3) 
The method for solving for current gain can 
best be expressed by use of an example. 

With collector voltage adjusted to -10 volts 
and base current equal to 25 microamperes, 
collector current [c=] ma or 1000 ua. Increas- 
ing Ip to 125 ua (with constant V;) increases 
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the collector current to approxim approximately 5ma or circuits is a current amplifier, and has alow 


5000 ua. Thus, an increase in input base cur- 
rent of 125-25 = 100 ua causes an increase in 
collector current of 5000-1000 = 4000 ua. The 
current gain is: 


Alc _ 4000 
B= beta= Ze = Go = 40 


Most transistor manuals give either the alpha 
or beta figures, If it is desired to determine 
either one of these quantities when the other is 
known, the following equations may be used: 





(30-4) 
a= —3_ (30-5) 
T+ B 


where: B = beta current gain (always greater 
than one) 


@ = alpha current gain (always less 
than one) 


For instance, a transistor has an alpha of 0. 97, 
determine the beta by use of equation (30-4). 


(30-4) 





Q7, A transistor is operating under the follow- 
ing conditions: V¢=12V,Ic=1.5ma, Ip = 
1.53 ma. Increasing Ip to 4. 59 ma causes the 
Ig to increase to 4.5 ma. (V¢g held constant 
at 12 V). 





Basic Amplifier 

Transistor triodes, like electron tube triodes, 
are amplifiers. The current, voltage, and 
power gain depend on the alpha or beta values and 
the ratio of the output to input resistance. Al- 
though electron tube circuits are similar, they 
have widely differing characteristics. It is not 
possible to substitute a transistor for an elec- 
tron tube without changing bias and plate supply 
voltages. For example, the transistor in some 





Determine the alpha of the transistor. 


input resistance; the corresponding electron 
tube amplifier has a high input impedance. The 
elements of a basic triode electron tube ampli- 
fier and the corresponding elements of a basic 
PNP and NPN junction transistor amplifier are 
illustrated in Figure 30-11. 


COLLECTOR 





Figure 30-11 - Corresponding elements in 
triode and transistor amplifiers. 


Note that the direction of current flow and 
the polarities of the biasing batteries are oppo- 
site in the two transistor amplifiers. The 
base supply is designated by the symbol 
Vpn. The collector supply is designated by 
the symbol Vcc. 


BASIC AMPLIFIER CONFIGURATIONS 


The transistor amplifier may be connected 
in any one of three basic configurations. These 
circuits are the (1) COMMON-EMITTER, (2) 
COMMON-BASE, and (3) COMMON-COLLECT- 
OR. These three arrangements correspond 


respectively to three electron tube basic 
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Ao. Because Icpo is reverse current, it flows 
by MINORITY carriers. 


A7. Alpha equals 0. 98. 


2Alc 
AIE Vc held constant 


= 0.98 





circuits: (1) grounded-cathode, (2) grounded- 
grid, and (3) grounded-plate amplifier. The 
significance of the expression "grounded" is that 
the element whichis said to be grounded is, in 
reality, common to the input and output circuits; 
and does not necessarily have to be grounded to 
provide satisfactory operation. 





30. 





Common-Emitter Configuration 

The widely used grounded-cathode electron 
tube amplifier and the corresponding common- 
emitter (sometimes called grounded-emitter) 
transistor amplifier are illustrated in Figure 
30-12. The transistor bias polarities are es- 
tablished for a PNP junction transistor in 
Figure 30-12B, and for an NPN junction tran- 
sistor in Figure 30-12C, 

The input signal to the triode (Figure 30-12A) 
is developed across the grid resistor in series 
with the bias voltage between the grid and cath- 
ode. The output signal of the triode is developed 
between the plate and ground. The average grid 
voltage depends upon the magnitude of the grid 
bias supply voltage, and the average plate volt- 
age depends upon the magnitude of the plate 
supply voltage. 

The input signal to the PNP transistor (Fig- 
ure 30-12B) is developed between the base and 
emitter in series with the bias voltage in this 
circuit, The bias polarity is in the forward, or 
low resistance, direction of the base-emitter 
junction. The output signal of the transistor is 
developed between the collector andemitter ter- 
minals, The average base voltage, as measured 
with respect to the emitter, depends upon the 
magnitude of the bias voltage inthe base-emitter 
circuit, The magnitude of the bias current de- 
termines the class of operation of the transistor. 
The average collector voltage depends upon the 
magnitude of the collector voltage supply. In 
many instances, the magnitude of the collector 
voltage has only a small effect in determining 
the collector current. THE COLLECTOR CUR- 
RENT IS PRIMARILY A FUNCTION OF THE 
BIAS CURRENT IN THE INPUT CIRCUIT. 

When a signal is applied to the input circuit 
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(C) COMMON EMITTER AMPLIFIER (NPN) 





Figure 30-12 - Corresponding electron tube and 
transistor amplifiers. 


of the transistor, the bias current varies about 
an average, or no-signal, value. This action 
causes the collector circuit current to vary 
by a much greater amplitude through the load 
impedance, which is connected in series with 
the collector voltage supply and the collector 
terminal of the transistor. 

A phase shift of 180 degrees occurs between 
the input and output signals. Thus, a positive- 
going input signal (Figure 30-12B) opposes the 
base-emitter bias and decreases the base- 
emitter current. This action decreases the 
collector current and voltage drop across the 
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load impedance, resulting in an increase in 
collector-to-ground output voltage. Because 
the collector is negative with respect to ground, 
a positive-going input signal will result in a 
negative-going output signal. 

A positive-going input signal (Figure 30-12C) 
will cause an increase in base-emitter current 
with a corresponding increase in collector cur- 
rent and voltage drop across the load impedance 
Because this drop subtracts from the collector 
voltage, the output signal is less positive and is 
therefore equivalent to a negative-going output 
signal. The latter action is similar to that oc- 
curring in the plate circuit of the triode (Figure 
30-12A) with a positive-going signal on the grid. 
The increase in plate current causes an in- 
creased voltage drop in the plate load impedance 
with a resulting decrease in the plate-to-ground 
voltage. A decrease in the positive plate volt- 
age is equivalent to a negative-going output 
signal. 

The common-emitter configuration has a 
medium range of input impedance. For junction 
transistors, this value may be on the order of | 
k ohm. The output impedance of the grounded- 
emitter configuration may be on the order of 
50 k ohms. 


Q8. Would doubling the collector voltage norm- 
ally be expected to double the collector current? 
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Common-Base Configuration 

The common-base (or grounded-base) tran- 
sistor amplifier is analogous to the grounded- 
grid electron tube amplifier. These circuits 
are illustrated in simplified form in Figure 
30-13. The grounded-grid in the triode (Figure 
30-13A)is common to both the input and the out- 
put circuits, The common-base in the PNP 
junction transistor (Figure 30-13B) is common 
to both input and output circuits. 

The input signal to the triode is applied be- 
tween the cathode and ground and varies the 
voltage across the cathode resistor in series 
with the bias voltage source in the grid cathode 
circuit. The output signal is developed between 
plate and ground as a result of the variations 
in plate current through the plate load impedance 
Effectively, the input signal is developed between 
the cathode and the grid, and the output signal 
is developed between the plate and the grid.. 
Hence, the grounded-grid forms the common 
element between the input and output circuits. 
Plate current flows through the cathode resistor 
across which the input signal is developed. The 
action is degenerative and lowers the gain of the 
amplifier compared to that of a grounded-cathode 
amplifier. 

The input signal to the transistor amplifier 
is applied between the emitter contact, E, and 





ground and appears acrossthe resistor inseries 
with the emitter-base bias voltage. The average 
value of the emitter-to-base voltage depends 
upon the magnitude of the bias voltage in the in- 
put circuit, The output signal voltage is devel- 
oped between the collector and grounded base. 
The average value of the collector-to-ground 
voltage depends upon the magnitude of the 
collector supply voltage. The base of the tran- 
sistor is common to both input and output cir- 
cuits and SHOULD NOT NECESSARILY BE 
GROUNDED, PROVIDED THE CONTINUITY OF 
THE COMMON CONNECTION IS MAINTAINED 

The input circuit bias polarity is in the for- 
ward, or low resistance, direction of the 





ouTPuT 


NPT nen 
+ Nt 


(B) COMMON BASE AMPLIFIER (PNP) 
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° +vours| 


(C) COMMON BASE AMPLIFIER (NPN) 





Figure 30-13 - Grounded-grid triode and cor- 
responding common-base transistor amplifiers 
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AB. No, Vc has very little effect on Ic. 


emitter-base junction. As in the case of the 
common-emitter configuration, the magnitude of 
the bias current determines the mode of oper- 
ation of the transistor amplifier, and the col- 
lector current is primarily a function of the 
bias current in the input circuit. 

In contrast with the grounded-emitter am- 
plifier, NO PHASE SHIFT OCCURS in the 
grounded-base amplifier between the input and 
the output signals. For example, a positive- 
going input signal (Figure 30-13B) will aid the 
emitter-base bias and increase the magnitude 
of the emitter current accordingly. This action 
will increase both the collector current and the 
voltage drop across the collector load imped- 
ance with a consequent decrease in collector- 
to-ground voltage. The collector is negative 
with respect to ground; hence, the decrease in 
negative voltage to ground is equivalent to a 
positive-going output signal. 

In the NPN transistor amplifier of Figure 
30-13C, a positive-going input signal will oppose 
the input bias and reduce the emitter current 
accordingly. This action will reduce both the 
collector current and the voltage drop across 
the collector load impedance with a resulting 
increase in collector voltage. Because the 
collector is positive with respect to ground, 
the increase in positive voltage is equivalent 
to a positive-going signal. Thus a positive- 
going input signal will cause a positive-going 
output signal in both PNP and NPN grounded- 
base amplifiers. 

The input impedance of a grounded-base 
transistor amplifier is on the order of 100 
ohms or less. The output impedance is rela- 
tively high—that is, approximately 500 k ohms 
for the junction transistor. 





Q9. The alpha and beta gains are the ratio of 
a change in output current to a change in input 
current. Would alpha or beta be used to de- 
scribe the gain of a transistor used in the com- 
mon-base configuration? 


30-9. Common-Collector Configuration 


The common-collector (sometimes called 
the grounded-collector or emitter follower) 
transistor amplifier corresponds to the ground- 
ed-plate electron tube amplifier, or cathode 
follower, These circuits are illustrated in 
simplified form in Figure 30-14, In the cathode 
follower the plate is at ground potential with 
respect to the signal component, and in the 


corresponding transistor circuits the collector 
is at ground potential with respect to the assoc- 
jated signal component. In the cathode follower 
the input signal is applied between the grid and 
the grounded side of the plate circuit, and the 
output signal is developed between the cathode 
and grounded side of the plate circuit. Thus, 
the plate is common to the input and the output 
circuits. 

In the common-collector transistor ampli- 
fier, the input signal is applied between the 
base and the grounded side of the collector 
circuit. The output signal is developed be- 
tween the emitter and the grounded side of the 
collector circuit. Thus, the collector is com- 
mon to the input and the output circuits. 

Bias current is supplied by the single-cell 
source in series with the base-emitter circuit, 
and collector voltage is obtained from a battery 
consisting of several cells in series between 
the collector and ground. The base-emitter 
circuits are biased in the forward, or low 
resistance, direction, and the collector-base 
circuits are biased in the reverse, or high 
resistance, direction. The input impedance 
of the common-collector transistor is relatively 
high, because the input circuit includes the 
degenerative action caused by the emitter load 
resistor. Ineffect, the output signal is arranged 
series opposing to the signal source, thereby 
reducing the signal current it must supply. The 
output impedance is relatively low because the 
output circuit includes the base-emitter circuit 
with its bias in the forward, or low resistance, 
direction. 

The input impedance of the electron tube 
cathode follower is high and the output imped- 
ance is low, hence the cathode follower may be 
used as an impedance changer or stepdown 
transformer, The output signal, eg, is in the 
series circuit between the cathode and grid and 
opposes the input signal, ein, in the same cir- 
cuit. Hence, the net voltage acting between the 
grid and cathode is ejn-€, and eg must always 
be less than cjpif the grid-to-cathode voltage is 
to be a finite value, Thus the voltage gain of the 
cathode follower is ALWAYS less than 1. 

Similarly, the output signal in the common- 
collector transistor opposes the input signal, 
and the net signal voltage acting between the 
base and emitter is ejn-eo. For example, if 
the input signal causes the voltage occurring 
between the base and ground to swing 10 mv 
in a positive direction and the output voltage 
between emitter and ground to swing 4 mv in 
the same direction, the net voltage between 
base and emitter will be 10-4 or 6 mv. The 
output voltage, e¢9, must always be less than 
ein if the base-to-emitter voltage is to be a 
finite value. Thus the voltage gain of the 
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(NPN) 


(C) COMMON COLLECTOR AMPLIFIER 





Figure 30-14 - Electron tube cathode follower 
and corresponding common-collector transistor 
amplifiers. 


common-collector transistor, like that of the 
cathode follower, is always less than l. 

The common-collector transistor provides 
a relatively large currentamplification and mod- 
erate power amplification, depending upon the 
magnitude of the output impedance. 

The input impedance of the common-collector 
transistor amplifier is a function of the load 
impedance. This action is in contrast to that in 
the electron tube amplifier in which the input 
and output circuits are isolated and practically 
independent of each other. For example, the 
input impedance of a common-collector junction 
transistor amplifier may be on the order of 150 
k ohms when the load impedance is 10 k ohms, 
but the input impedance may drop to 50 kohms 
or less when the load impedance is reduced to 
1000 ohms. 
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Table 30-I lists typical ranges of values of 
resistances and gains for the various transistor 
configurations. 


















Quantity Configurations 
CB CE cc 

Input 

impedance [30-150 500-1. 5k |20K-500 k| 

Output 


impedance 








TABLE 30-1 
Resistance and Gains. 


Q10. Is the input impedance of a common-col- 
lector configuration a direct or inverse function 
of the load impedance? 


30-10. Characteristic Curves 

Inthe study of electron tubes it was found that 
the circuit conditions and operation could be 
predicted fairly accurately by use of a family 
of characteristic curves, and the method of 
developing these characteristic curves was 
discussed. Transistor circuits can also be ana- 
lyzed by the use of characteristic curves. How- 
ever, before using the curves in a circuit anal- 
ysis, a brief discussion of their development 
may prove to be advantageous. 

For electron tubes the familiar family of 
curves is the plate voltage (EqR)}—~—plate current 
(1p) curves in which the grid voltage (Ec) was 
the parameter or quantity held constant 

The usual curves used for transistors are 
the collector current ({¢)—collector voltage 
(Vc) curves in which the parameter is the 
emitter current (If) or the base current (Ip), 
depending onwhether the common-base or com- 
mon-emitter configuration is used in plotting 
the curves. 

The method of plotting a family of char- 
acteristic curves will now be discussed. A test 
circuit is constructed in such a manner that the 
input current(Ip for a common-base configura- 
tion and Ip for a common-emitter configuration), 
and collector voltage are adjustable. Meters 
are connected into the circuit so that the cur- 
rents and voltages can be monitored. Figure 
30-15 shows such a test circuit. 

Base resistor Rj is adjusted so that 0.1 ma 
(100 microamperes) base current flows. This 
current is indicated on the milliammeter con- 
nected in the base lead. The arm of resistor R, 
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A9. Alpha. In the common base the input cur- 
rent is Ip and the output current is Ic. 

Al0, Direct. Input impedance decreases as 


load impedance decreases. 





Figure 30-15 - Characteristic curves test 
circuit. 


is moved to the endof the potentiometer connect- 
ed to the junction of the emitter lead and the 
positive battery terminal, so that zero collector 
voltage is applied to the transistor. With the 
circuit adjusted in this manner the collector 
current is read on the milliammeter connected 
in the collector lead. I¢ is readas zero. This 
is plotted as point one (Pj) on a graph of Ic 
versus Vc, such as shown in Figure 30-16. 





Figure 30-16 - Plot of lc versus Vcf with 
Ig constant. 


R, is now adjusted until the voltmeter connected 
between the collector and the emitter indicates 
a Veg of | volt (Vc, Ip, and Ic are negative 
values onthe graph because a PNPtransistor is 
used). Ry is again adjusted until a base current 
of 0.1 ma is flowing. The value of I¢ is found 
to be about 8 ma and is plotted as Pz on the 
graph (Figure 30-16). The procedure of increas- 
ing the collector voltage by adjusting Ro, holding 
the base current constant by adjusting Ry, and 
plotting the resultant collectoc current is con- 
tinued for points 3 and 4; or as many points as 
are required. Finally, all the plotted points are 
connected with a line. The result is a graph 
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which will allow the determination of the value 
of Ic for any value of Vcr, within the transistor 
rating. when the Ip is 0.1 ma. 

The procedure is now repeated by setting 
Vor back to zero (adjust Ro) and setting the 
base current at some new value suchas 0. 3 ma. 
Read the Ic and plot the value. Increasing the 
collector voltage in steps and holding the base 
current to0. 3 ma, points 5, 6, and 7 are plotted 
(Figure 30-16). 

The above procedure is repeated until the 
Ic¢-Vg family of characteristic curves is de- 
veloped. The same procedure is also used to 
develop a family of curves for a transistor used 
in the common-base configuration. The only 
variation being that the emitter current is now 
the value held constant while the collector volt- 
age is varied. 

Figure 30-17 is a comparison between a 
typical family of Ep-Ip characteristic curves 
for a pentode electron tube and a typical family 
of I¢-Vcp characteristic curves for a junction 
transistor. Many similarities between the two 
devices can be noted from the curves. In both 
cases current flow through the device increases 
rapidly at first and then levels off as collector 
or plate voltage is increased from zero, In 
both curves, for a given value of grid voltage or 
base current, the output current changes very 
little for large changes of supply voltage. The 
major current flow through both devices(at very 
low values of supply voltage) is a function of the 
supply voltage and not the control electrode. 
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11. Circuit Analysis 
There are many instances in electronics 
when it is advantageous to be able to estimate 
or predict the action of a circuit from a rela- 
tively few known facts. Circuit analysis is 
greatly simplified by use of a family of char- 
acteristic curves and a LOAD LINE. Once a 
load line is established on the characteristic 
curves, it may be used to determine the oper- 
ating point, biasing requirements, current gain, 
voltage gain, power gain, etc 

The procedure for establishing a load line is 
carried out in much the same manner as for 
electron tubes. The analysis of a circuit can 
best be conducted by an example problem. 


Example. It is desired to analyze a transistor 
audio amplifier in which the following facts are 
known: 


1. The collector supply voltage, Vcc is 15 V. 

2. The load resistance, Ry, is 1875 ohms. 

3. The transistor input resistance is 100 
ohms. 

4. The base resistance, Rp, is 29.9kohms. 

5. Base supply voltage. Vpp. is 3 V 
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TYPICAL COLLECTOR CHARACTERISTICS 
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Figure 30-17 - Electron tube and transistor 
characteristic curves. 


©. The transistor (Qj) is a 2N464 medium 
gain, PNP, junction transistor. 


Figure 30-18 illustrates the circuit to be 
analyzed. 





Figure 30- 18- Audio voltage amplifier. 


The collector characteristic curves for the 
2N464 transistor, used in the audio amplifier, 
are shown in Figure 30-19. Figure 30-19 also 
shows the load line for the audio amplifier. 

The procedure for establishing a load line 
for transistors is the same as for electron tubes. 
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Two points are needed and since maximum 
collector voltage and maximum collector cur- 
rent are the most easily determined points they 
will be used, If no current flowed through Ry, 
there would be no voltage drop across the load 
to subtract from the supply voltage. Therefore, 
the collector voltage, Vc, would equal the 
collector supply voltage. Since Vcc equals 
15V, and is a negative potential because of 
the PNP transistor, one end of the load line 
will be on the voltage axis at -15 V (point Z, 
Figure 30-19). Making the transistor appear 
asa short between the collector-emitter ter- 
minals will permit maximum current (limited 
only by RL) to flow. The value of the collector 
current (Ic) can be determined by use of Ohm's 
law as follows: 


iz& 
Voc 
lo= RL 
-15 
lo* [ers 
Ig = -8ma 


The other end of the load line will be 8 ma 
(point Y, Figure 30-19). A straight line is 
drawn between points Y and Z to complete the 
load line. 

The operating point occurs where the desired 
base current crosses the load line. Therefore, 
tofind the operating point, the base current must 
be determined. The resistance of the input 
(base-emitter) circuit consists of Rp plus the 
input resistance of the transistor. The resist- 
ance is: 

29,900 + 100 = 30 k ohms 


The base current can be found by employing 
Ohm's law as follows: 





E 
12k 
VBB 
IB R 
ipa 
B "30, 000 
1p = 100 microamperes 


The 100 microampere base current line 
crosses the load line at point Q (Figure 30-19) 
Therefore, the operating point is established. 
Although the construction of the load line was a 
simple procedure, many new facts may now be 
determined about the operation of the circuit. 
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Figure 30-19 - 2N464 I¢-Vc¢ curves and audio 
amplifier load line. 


The input junction bias voltage, base-emitter, 
(VBE), can be determined from the base current 
and the input junction resistance at the operating 
point, 


VBE = Ip x 
Vpe 21x 1074 x1 x 10% 
Vag = 10 mv 


Thus, at the operating point or QUIESCENT 
POINT 10 mv of forward bias is applied to the 
transistor. Examination of Figure 30-19 will 
show that 3 ma of collector current is flowing 
under quiescent or no signal conditions. 

Knowing the I¢ at the operating point will 
permit determination of the collector voltage, 
since Vc equals Vcc minus the voltage drop 
across the load resistance. The load voltage 
drop at the operating point is: 


Er, *tc x Rp 
Epy = 3x 1073 x 1875 
Erp = 5.625 volts 


Thus, the collector voltage at the operating 
point is: 


Vo =Vec - Er, 
Vo =15~ 5.63 
Vo = 9. 37 volts 


The emitter current is equal to the collector 
current plus the base current. Therefore, IE 
equals: 


Ip=Ictlg 
Ig = 3mat 0.1 ma 
Ig = 3.1 ma 


The use of the load line has simplified the 
analysis of the amplifier under quiescent (no 
signal) conditions. 

Before applying a signal and analyzing the 
circuit, a brief summary of the known facts will 
be given. At the quiescent point (Q point) a for- 
ward biasof 10 mv causes an Ic of 3 mato flow. 
The I¢ flowing through Ry, causes a voltage drop 
which, when subtracted from the supply voltage, 
established the Vcp at -9. 37 volts. 100% of 
the current in the circuit flows through the 
emitter, 92% to 99% through the collector, and 
1% to 8% through the base. In the audio ampli- 
fier of the example problem, the Ic equals 3 ma 
and the Ip equals 3.1 ma. Thus, the percentage 
of emitter current flowing in the collector is: 








1 
% = =x 100 
E 
% = 31 x 100 
% = 0.967 x 100 or 96. 7% 


The base current is, therefore, 3. 3% of the Ip. 


The maximum peak input signal (current) 
that canbe applied to the circuit is the value be- 
tween the Ip=0 point and the Ip at the Q point or 
100 microamperes. Because Q; is a PNP 
transistor, a positive going input voltage signal 
will oppose forward bias. If the input voltage 
causes a 20 microampere peak-to-peak current 
to flow in the input circuit, the base current will 
decrease to zero during the positive peak of the 
input voltage. Figure 30-19 shows that when Ip 
equals zero (on the load line) the I¢ is reduced 
to approximately 0.5 ma (the reason that Ic is 
not zero will be explained in section 30-12). 
On the negative half cycle of the input voltage 
signal, when it aids the forward bias, the base 
current will equal 200 microamperes. The 
intersection of the 200 microampere base cur- 
rent and the load line occurs with 5.5 ma of 
collector current flowing. On the positive half 
cycle of the input voltage signal, the collector 
current decreased from 3 ma to 0.5 ma, ora 
swing of 2.5 ma. On the negative half cycle of 
the input signal the collector current increased 
from the 3 ma (Q) point to 5.5 ma, or a swing 
of 2.5 ma. Since the output current swings the 
same amount on each alternation, no distortion 
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is present. Thus, the load line can be used 
to estimate the maximum input signal that can 
be applied without producing distortion. 

It was previously stated that alpha and beta 
were the theoretical maximum current gains of 
two types of transistor configurations. Alpha 
is the current gain of the common-base con- 
figuration and beta is the current gain of the 
common-emitter configuration. The alpha or 
beta of a transistor can be determined from the 
characteristic curves in the following manner: 

The audio amplifier in the example problem 
employs the common-emitter configuration; 
therefore, its current gain will be beta. To be 
reasonably accurate, the beta must be deter- 
mined by small current changes AROUND THE 
Q POINT. Beta has been defined as the ratio 
of the change in I 
1p with the Vo being held constant. To deter- 
mine beta, using Figure 30-19, extend a straight 
line through the operating point (point Q) and 
-9. 37 V collector volts. Two convenient points 
for the change in base current are where the 
vertical line crosses the 50 microamp and the 
150 microamp base current lines. This gives 
a change in I, of 150-50 or 100 microamps 
The Ic flowing when Ip is 50 microamps is 
1.5ma. When Ip is 150 microamps, Ic equals 
approximately 4.5 ma. This gives a change in 
Ig of 4.5-1.50r3ma. Beta can now be de- 
termined using the equation: 


Alc 


B= 2Tp |Vop constant (30-3) 
3 ma 

Be Oma 

B= 30 


This indicates that the maximum possible cur- 
rent gain of this transistor (in the CE config- 
uration) will be 30, In a practical circuit, with 
a load connected, the current gain will be some- 
thing less than 30. 

The current gain (Aj) is the peak-to-peak 
output current divided by the peak-to-peak input 
current. This can be expressed mathematically 
as: 

Output current 


Aj = Thput current (30-6) 








where: A, = the current gain of the stage 


i 


output current = the peak-to-peak swing of Ic 


“ 


input current the peak-to-peak swing of 


input current 


The peak-to-peak input current of the circuit in 


to a corresponding change in 
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Figure 30-20is 200 microamperes. Determining 
the value of collector current for zero base cur- 
rent and 200 microamperes base current (where 
the load line crosses these points) the output 
current is 5. 5-0.5 ma or approximately 5 ma 
peak-to-peak. By equation (30-7), the current 
gain of the circuit is: 


Output current 


Input current 





(30-1) 


A,= 22 
0.2 ma 


= 25 





Figure 30-20 shows the audio voltage amplifier 
with current paths, polarities, voltages, etc. 
inserted. Notice that capacitors C3 and C4 have 





Figure 30-20 - Audio voltage amplifier. 


been added as power supply bypasses. The 
signal waveforms are voltage waveforms. 

Figure 30-21 shows the 2N464 characteristic 
curves with the load line, base current input 
waveform, collector voltage waveform, and 
collector current waveform for the audio am- 
plifier. 





Figure 30-21 - 2N4641C-Vc curves with load 
line and waveforms. 
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Each waveform in Figure 30-21 has two points 
(P, and P,) labeled to allow easier comparison. 
At point one the input and output currents are at 
their largest values and are in phase. However, 
the output voltage is at its lowest value at Pj. 
This is due, of course, to the large output cur- 
rent causing an increased Epy, drop and sub- 
tracting more from Vcc. At point two both of 
the currents are at their lowest value, and the 
output voltage has increased to its highest 
value. 

The voltage gain (Ay) and power gain (Ap) 
of the audio amplifier may be determined in the 
same manner as the current gain (Aj) by use of 
equations (30-7) and (30-8) shown below. 


_ Output voltage 


v ~ Tnput voltage (30-7) 


where: Ay = voltage gain of the stage 


output voltage = product of peak-to-peak 
collector current swing and 
Ru 

= product of peak-to-peak 
input current swing and rj 


input voltage 


Ay 





Ay x Ay (30-8) 


where: power gain of the stage 
current gain of the stage 


voltage gain of the stage 





To determine the voltage gain of the audio 
amplifier (Figure 30-20), first determine the 
output voltage swing. 


Output voltage = output current x Ry 


5 x 1073 x 1875 


Output voltage 


Output voltage = 9. 375 volts 

Next determine the input voltage: 
Input voltage = input current x rj 
Input voltage = 2.x 1074 x 1 x 10% 


Input voltage = 20 mv 


Inserting these values into equation (30-8) 
yields: 


9. 375 
Ay= 2x 10-2 
Ay = 468.7 
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The power gain of the amplifier can be de~ 
termined by application of equation(30-8) Insert 
known values: 


(30-8) 





A, x Ay 


Ap 


25 x 468.7 


” 


11,717 





In some cases it may be desirable to have 
the power gain measured in db. This is easily 
accomplished in the following manner. Since the 
ratio of power out to power in is 11,717, then 
the power gain in db is: 


10 log 11,717 





Ap = 10 x 4, 0682 


> 
" 


40. 68 db 


Qll. What circuit parameter is held constant 
when plotting a family of Ic-Vc curves for a 
common base configuration? 


Q12. Assume the input junction resistance of Q) 
(Figure 30-20) increases from 100 ohms to 1k 
ohms. It is desired to maintain the same oper- 
ating point and base current. To what value 
must Rp be changed to accomplish this? 


Q13. The same operating point is used (Figure 
30-21), and the input current is reduced to a 
100 microamp peak-to-peak signal. What would 
the approximate peak-to-peak output current be? 


OPERATING LIMITS 


Some of the limits imposed on an operating 
transistor are; maximum collector current, 
maximum collector voltage, cutoff current, 
saturation voltage, cutoff frequency, and maxi- 
mum collector power dissipation. Even though 
a device has a maximum limit, for reasons of 
reliability, safety, and proper operation, it is 
not always operated at this maximum limit. 
This results in two areas of operating limits 
for transistors: (1) the maximum permissable 
operating region and(2) the linear operating 
region. As with electron tubes, the linear 
operating region is smaller than the permissable 
operating region. 


30-12. Cutoff Current 


CUTOFF CURRENT isthe current that flows 
inthe collector circuit when the input current is 
zero. It was previously shown that when the 
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emitter lead is opened and no current flows 
through the emitter-base (input junction), there 
will still be a small amount of current flowing 
in the collector circuit due to the reverse cur- 


rentIcBo. IcBo is the reverse current fora 
common-base configuration. If a common- 
emitter configuration is used, the reverse 


current will be termed I¢Ro, or the current 
flowing inthe collector circuitwith the base lead 
open. 

In any conductor, equal currents flowing in 
opposite directions will cancel and the resultant 
current in the conductor will be zero. Thus, in 
a common-emitter circuit an input signal that 
exactly opposes the forward bias will cause a 
zero base current. The result is the same as 
if the base lead had been opened. Even though 
the input current is zero, the output current will 
not necessarily be zero because of the reverse 
current. The area below the line marking the 
zero input current (either Ip =0 or Ip=0 
depending on configuration used) is called the 
CUT-OFF REGION. The cut-off region is shown 
in Figure 30-22. 





Figure 30-22 - Cut-off and saturation regions. 


30-13, Voltage Saturation Region 


In a common-emitter (CE) configuration, for 
a given value of base current, in the normal 
operating region, the collector current is 
affected very little by a change in collector volt- 
age. However, at very low values of VCE, the 
collector current changes drastically with a 
change in Vog. The SATURATION REGION 
begins where the collector current begins to be- 
come a function of collector voltage rather than 
the input current (Ip or Ip). The saturation 
region is shown in Figure 30-22. 


30-14, Maximum Collector Voltage 
The MAXIMUM COLLECTOR VOLTAGE is 
the maximum dec potential that can be applied 


tothe collector with safety and is usually speci- 
fied by the manufacturer. Just beyond this 
value is the BREAKDOWN VOLTAGE (BV). The 
BV is the value of collector voltage at which 
the collector junction will break down and pass 
a high current, destroying the transistor. An 
example of the BV region is shown by the curves 
in Figure 30-23 which are the characteristic 
curves for the 2N1490 NPN silicon transistor. 
Notice that the BV must be specified for a cer- 
tain value of Ip because the higher the Ip the 
lower is the breakdown voltage. For a base 
currentof 5 ma, the lp andIc¢ remain relatively 
constant from 1 volt to approximately 50 volts, 
Vcr. From 50 to 65 Vcr, both Ip and Ic be- 
gin increasing. Above 65 VcE both currents 
increase very rapidly and the transistor breaks 
down. For higher values of Ip, the currents 
start to increase at a lower value of Vcr. 


TYPICAL COLLECTOR ci 


Tyre ania3e 





Figure 30-23 - 2N1490 curves showing BV 


30-15. Maximum Collector Power Dissipation 

MAXIMUM COLLECTOR DISSIPATION is the 
maximum power that may be safely dissipated 
by the collector. This operating limit is rep- 
resented on the characteristic curves as a 
CONSTANT POWER DISSIPATION CURVE, 
MAXIMUM POWER DISSIPATION CURVE, 
Ppmax: or TOTAL DISSIPATION. 

Ppmax represents the limit to the product of 
the de quantities Vcp andI¢. In other words, 
if the manufacturer lists the maximum power 
dissipationof the transistor as 2 watts the prod- 
uct of collector voltage times collector current 
must not exceed 2 watts. Under ac conditions 
the instantaneous values of voltage or current 
may exceed this value as long as the average 
values do not. 

A typical total dissipation curve is shown 
in Figure 30-24, on the characteristic curve 
of a 2N1067 NPN silicon transistor. The curve 
is graphed in the following manner: 

Various values of Vcp are determined by 
dividing the manufacturers specified value of 
maximum power by various values of collector 
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and some es well within the area, but NEVER 


All, Emitter current, Ig. 


Al2. 29kohms. Since Ig is to remain 100 
microamps and Vgp is to remain 3 volts, 
the total resistance of the junction plus 
Rp must remain 30k ohms, Therefore, 
30 k ohms minus 1 k ohm leaves Rp equal 
to 29 k ohms. 


Al3. 3 ma peak-to-peak. 


current. For example: 

In Figure 30-24 the maximum power dissi- 
pation is listed as 5 watts. Division of this value 
by 500 ma results: 


P, 
Vce= (30-9) 
CE a a 
eva 
YoE* 93 
Vog = 10 volts 


A point is established at the intersection of 
the 500 ma I¢ and the 10 volt Vcp lines. This 
procedure is continued for as many pointsas 
are necessary, When all the points are con- 
nected by a line, the power dissipation curve 
will be the result. A glance at this curve will 


give the maximum collector current that is per- 
mitted to flow forany value of collector voltage. 



























































Figure 30-24 - Total dissipation curve for 
2N1067 transistor. 


The Ppmax curve is also helpful in establishing 
the operating point and the load line because 
the load line and Q point must ALWAYS be to 
the left of the maximum power curve. The load 
line will sometimes fall tangent to the curve 





to the right of the power curve. 


30-16. Permissible Operating Area 
From the previous sections the permissible 


operating area of a transistor is seen to be 
bounded by definite limits. This is the area 
within which the transistor may be safely oper- 
ated. Figure 30-25 is a representative set of 
characteristic curves used to sum up the per- 
missible operating limits. The heavy line, 
superimposed on the curves, is the boundry of 
the PERMISSIBLE OPERATING AREA. 


VoE 





Figure 30-25 - Permissible operating area. 


Currentmay vary from the maximum collect- 
or current to the collector cut-off. Voltage may 
vary from the voltage saturation limit to the 
breakdown voltage. The operating point must 
lie on or to the left of the power curve. The 
dotted line (Figure 30-25) indicates the LINEAR 
operating region which, as in electron tubes, is 
smaller than the permissible region. 


Ql4. Is the current flowing in the collector 
when the input current is zero due to majority 
or minority current carriers? 


Q15. Would it be possible for a 2N1067 tran- 
sistor (Figure 30-24) to operate under a no 
signal condition of 400 ma collector current and 
25 volts collector to emitter? 


CLASSES OF OPERATION 


As in the case of electron tube amplifiers, 
transistor amplifiers are also operated class A, 
class B, class AB, or class C 
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3 Class A Operation 


Transistor amplifiers operated class A are 
biased in such a manner as to allow collector 
current flow during a complete 360 degrees of 
the input signal. Collector current also flows 
when no signal is present. The operating point 
is established, by proper biasing, so that the 
transistor will operate over the linear portion 
of its collector characteristics; thus, providing 
an output waveform which is an exact replica of 
the input waveform, Figure 30-26 shows the 
load line and operating or Q point of a 2N464 
transistor operated class A. The input voltage 
waveform (dotted line) and the input current 
waveform (solid line) are out of phase because 
a PNP transistor is being used; therefore, a 
negative going input voltage will cause an in- 
crease in base current. The output current 
waveform has the same shape as the input cur- 
rent waveform. To insure class A operation 
the forward bias of the input junction must be 
equal to (or larger than) the maximum peak 
amplitude of the input signal voltage. Thus, 
the input junction will never be reverse biased. 








Figure 30-26 - 2N464 trans: 
operation, 





tor, class A 


30-18. Class AB Operation 


Transistor amplifiers for class AB operation 
are biased so that Ic is zero for a por- 
tion of one alternation of the input signal (collect- 
or current will flow for more than 180° but less 
than 360°), The forward bias voltage of the 
input junction is less than the peak value of the 
maximum input signal. Therefore, the input 
junction will be reverse biased for a portion of 
one alternation of the input signal. The junction 
will remain reverse biased for the amount of 
time that the positive value of signal voltage 
EXCEEDS the value of forward bias voltage 
Figure 30-27 shows the characteristic curves of 
a 2N464 type transistor being operated class AB. 








Figure 30-27 - 2N464 transistor, class AB 
operation, 


Examination of the input waveforms indicate 
that the operating or Qpointis such that a portion 
of the positive half cycle of the signal voltage 
(dotted line) will reverse bias the base-emitter 
junction. The signal current waveform (solid 
line) shows the base current as being equal to 
zero during the period of reverse bias on the 
B-E junction. The output current is very small 
during the time Ip is zero, because collector 
current during this period is due to reverse 
current flow ICEO. 





30-19. Cl. B Operation 

Figure 30-28 shows a 2N464 transistor with 
the operating, Q, point at the intersection of the 
load line and zero base current, for class B 
operation. 








Figure 30-28 - 2N464 transistor, class B 
operation. 


When atransistor amplifier is biased class B 
collector current will be cut-off during one half 
of the input signal. The operating or Q point is 
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Al4. Minority because it is a reverse current. 

Al5. No. Collector dissipation would be 10 
watts, and the Q point would lie to the 
right of the power curve. 





established, by B-E junction bias, so that base 
current is zero under ''no signal" conditions. 
When a signal is applied, one half cycle will 
forward bias the B-E junction and Ig will flow, 
while the other half cycle will reverse bias the 
B-E junction and I¢ will be cut-off. Thus, for 
class B operation collector current will flow 
for 180 degrees of the input signal. 

The positive half cycle of the input voltage 
reverse biases the PNP transistor B-E junction. 

Class B operation has the advantages of very 
low collector currentunder no signal conditions 
and better power efficiency than classA or AB, 
however, a class B amplifier produces severe 
signal distortion. 


30-20, Class C Operation 

Class C amplifiers are biased so that collec- 
tor currentis zero forMORE than 180 degrees of 
the input signal. In other words, the transistor 
remains in a cut-off condition forall but a small 
portion of the input signal. To establish an 
operating point below cut-off in a transistor re- 
quires that the base-emitter junction be RE- 
VERSED BIASED. With the input junction 
reverse biased only the portion of the input 
signal that overcomes this bias will cause col- 
lector current to flow. 

Figure 30-29 shows the characteristic curves 
and load line of a 2N464 transistor with the 
operating or Q point established below collector 











Figure 30-29 - 2N464 transistor, class C 
operation. 
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current cut-off. Notice that only the top portion 
of the input signal is negative enough to over- 
come the positive reverse bias on the input 
junctionof the PNP transistor and cause current 
flow. 


Q16. Ifa transistor is to be operated class A, 
what would be the minimum value of bias used 
with a 200 my peak-to-peak input signal? 


Ql7. If an NPN transistor is operated class B, 
would the negative or positive half cycle of the 
input signal cause conduction? (CE Configuration) 


Q18, What would be the polarity of Vp for an 
NPN transistor (CE configuration) to produce 
class C operation? 


ADDITIONAL BIAS ARRANGEMENTS 


Proper biasing of a class A transistor am- 
plifier, regardless of the circuit configuration 
used, consists of forward bias on the emitter 
base junction and reverse bias on the collector- 
base junction. Inthe previous bias arrangements 
two batteries were employed. However, it is 
possible to achieve proper biasing with only one 
battery. 


30-21. Single Battery Bias, CB Configuration 
Tn order to operate the common-base ampli- 
fier with a single battery, a voltage-divider 
network is required. The collector-base bias is 
achieved directly by the battery in the CB 
circuit. Since the transistor shown is a PNP 
type. reverse bias is achieved by making the 
collector negative with respect tothe base, This 
is shown in Figure 30-30. Forward bias in the 
E-B circuit of the PNP transistor requires that 
the emitter be positive with respect to the base. 
This condition is achieved by the voltage divider 
network consisting of resistors R3 and Ry. The 





Figure 30-30 - Single battery bias, CB 
amplifier. 


electron current (I) from the battery flows 
through the voltage divider in the direction 
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shown. This current flow causes a voltage 
drop across resistors R3 and R4 with the polar- 
ities as indicated, The voltage drop across R3 
places the emitter at a positive potential with 
respect to the base. To use this bias arrange- 
ment with an NPN transistor merely reverse 
the battery. 


3 Single Battery Bias, CE Configuration 


The common-emitter amplifier may also be 
biased with a single battery as shown in Figure 
30-31, The single battery directly produces the 
required reverse bias voltage in the collector- 
base circuit, Tounderstand the method by which 
the forward bias between the emitter and the 
base is produced by the single battery, a know- 
ledge of the internal structure of the transistor 
is required, It has been stated previously that 
forward bias for the PNP transistor requires 
the base to be negative with respect to the 
emitter. In a PNP transistor, the collector is 
at the highest negative potential; the emitter is 
at the highest positive potential, Structurally 
the base is between the two, and therefore must 
assume a voltage between the two, Thus, the 
base must be less positive than the emitter or, 
in other words, negative with respect to the 
emitter, This condition satisfies the require- 
ment of polarity necessary toproduce a forward 
bias, 


Figure 30-31 - Single battery bias, CE 
amplifier, 


The magnitude of the voltage between the 
emitter and the base must be very small com- 
pared to that between the collector and base. 
Internally the two PN junctions act as a voltage 
divider. The PN junction between the collector 
and the base represents a high resistance and 
develops the larger voltage drop. The PN 
junction between emitter and base represents 
a low resistance and develops a low voltage as 
required for forward bias. 

Another method of providing bias for a CE 
amplifier, using a single battery, is shown in 
Figure 30-32. In this case, Ry and Rp forma 


TWas19 0 - 65-4 


a7 





Figure 30-32 - Single battery bias, CE 
amplifier. 


voltage divider with Rg being much smaller 
than Rj. The forward bias is developed across 
the input junction and not across Rp. Since an 
NPN transistor is used, the emitter must be 
negative with respect to the base and the base 
positive with respect to the collector, The 
current paths and voltage polarities are shown 
in Figure 30-32, 


Q19. The circuit of Figure 30-31 depends on 
IcRo to supply forward bias, Would this ar- 
rangement by satisfactory under varying temp- 
erature conditions? Why? 


Q20. In the single battery bias arrangement, 
for the CB amplifier, (Figure 30-30) is the 
magnitude of the forward bias voltage the mag- 
nitude of the voltage drop across R3? 


BIAS STABILIZATION 


In many ways the biasing of an electron tube 
presents less problems than biasing transistors. 
Negative grid biasing is used in most electron 
tube circuits, Because of this the selection of 
grid circuit resistances does not have to take 
the effect of grid current into consideration. 
The plate current of an electron tube relies on 
electrons generated by a heated cathode, the 
temperature of which is many degrees hotter 
than the ambient temperature. Therefore, a 
variation in the ambient temperature will have 
very little effect on the generation of electrons 
or plate current in an electron tube circuit, 

Transistors, on the other hand, are very 
sensitive to ambient temperature variations. 
Reverse current, junction resistances, and 
collector current vary greatly with ambient 
temperature. Considerable care must be ex- 
ercised in the selection of resistances in the 
input circuit and base lead due to the base 
current caused by forward bias. 
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Al6, 100 mv minimum forward bias to prevent 
the signal from reverse biasing the input 
junction, 


Al7. Positive half cycle. 


A18. Negative to the base element and positive 
to the emitter element. 


Al9. No. IcBo varies greatly with temperature 
and would thereby vary the bias, 


A20, No, The forward bias is developed across 
the B-E junction resistance, which is much 
smaller than R3, Therefore, the forward 
bias voltage will be much smaller than the 
Ep, drop. 


30-23, Operating Point 

The bias (operating point) for a transistor 
is determined by specifying the quiescent (no 
signal) values of collector voltage and emitter 
current, To have reliable operation of a tran- 
sistor over a wide range of temperatures 
requires stable bias voltages and currents, In 
an NPN transistor, reverse bias collector cur- 
rent or saturation current (I¢RQ) is the flow of 
holes (minority carriers) from the collector 
region toward the base region, The holes from 
the collector can accumulate in the base region 
if the resistance of the base region is high, or 
if high value external resistors are connected 
to the base, 

As the holes increase in number, emitter 
electron flow into and through the base increases. 
This, inturn, increases the collector current. 
Increasing the collector current raises the tem- 
perature of the collector-base junction increas - 
ing the saturation current IcRo, Figure 30-33 
is a graph of the relationship between tempera- 
ture and reverse current, It is possible for 
temperature and current to increase until severe 
distortion occurs, the transistor becomes in- 
operative, or the transistor destroys itself. 
This action is termed THERMAL RUNAWAY. 
To help prevent this condition, high-valued 
resistors should not be used in the base lead, 
The condition just described is the same fora 
PNP transistor, except that the parts the elec- 
trons and holes play are interchanged. 








Emitter-Base Junction Resistance 

The family of curves in Figure 30-34 indi- 
cates the variation of collector current with 
temperature. Each curve is plotted with a fixed 
collector-base voltage (Vcp) and a fixed emit- 
ter-base voltage (VER). 











Figure 30-33 - Variation of Ico with 
temperature. 


It was shown (Figure 30-33) that reverse current 
is negligible below 10 degrees centigrade. If 
only the reverse current caused the collector 
current variations with temperature, then the 
collector current should be constant at temper - 
atures below 10° C, However, this is not the 


g 
i 
3 
g 





Figure 30-34 - Variation of Ic withtemperature, 
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case because collector current does vary with 
temperature even when the reverse current is 
close to zero, This variation is caused by the 
decrease in emitter-base junction resistance 
when the temperature is increased. This means 
that the emitter-base junction resistance has a 
NEGATIVE TEMPERATURE COEFFICIENT of 
resistance. Junction resistance is an inverse 
function of temperature, One method of re- 
ducing the effect of the negative temperature 
coefficient of the junction is the insertion of a 
SWAMPING RESISTOR (large value resistor) in 
the emitter lead, The junction resistance is 
many times smaller than the emitter resistor 
(Rg), and in effect, any variation of the EB 
junction resistance becomes a small percentage 
of the TOTAL resistance in the emitter circuit. 
The name swamping resistor, for RE, comes 
about because the external resistor is said to 
SWAMPor overcome the variation in the junction 
resistance, 

Another method of reducing the effect of the 
negative temperature coefficient or thermal 
runaway is to reduce the EB bias as the tem- 
perature increases, This method is illustrated 
in Figure 30-34, In order to maintain the 
collector current at 2 ma, while the transistor 
temperature varies from 10° (point A) to 30° C 
(point B),the forward bias must be reduced from 
200 mv (point A) to 150 mv (point B), The 
temperature difference is approximately 20° C; 
the voltage difference is 50 my. The variation 
in forward bias per degree centigrade is cal- 
culated in the following manner: 


Difference in forward bias (30-10) 
Difference in temperature o 


50 mv 
2205S 


= 2.5 mv/°C 


All maximum ratings for transistors are 
usually given at 25°C, If the transistor is to 
be operated at a higher temperature the maxi- 
mum ratings will decrease. In order to deter- 
mine the value of bias that will establish an 
operating point within the operating limits at the 
higher temperature a DEGRADATION FACTOR 
(correction factor) is used. This degradation 
factor is stated in mv/°C of temperature raise 
and is determined as shown above. 


Q21. A transistor is being operated with a Ven 
of 150 mv and an I¢ of 4 ma. The ambient tem- 
perature is approximately 45°C. If the temper- 
ature decreases will the forward bias have to be 
increased or decreased to maintain Ic at 4 ma? 
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Another way of expressing the change of 
transistor characteristics with temperature 
variations is by use of afamily of characteristic 
curves. Figure 30-35 shows a family of curves 
for a 2N464 transistor with a load line and 
operating point established for normal operating 
temperature. 100 microamps of base current 
causes 3 ma of collector current anda collector 
voltage of 9.37 volts, The effect of a temper- 
ature increase is to cause the spacing between 
the base current curves to spread out, In other 
words, maintaining the same base current flow 
under increased temperature conditions will 
cause more collector current to flow. A larger 
collector current flowing through the load re- 
sistance will cause a larger ERy, drop which, 
in turn, will lower the collector voltage. The 
current and voltage will change due to the shift 
of the operating point with a temperature in- 
crease. 





Figure 30-35 - Operating point under normal 
temperature conditions, 





Figure 30-36 - Operating point under increased 
temperature conditions, 


Figure 30-36 shows the 2N464transistor oper- 
ating under increased temperature conditions, 
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A2l, Increase the EB bias an appropriate 
amount to restore the proper operating 
conditions. 





Notice the increased spacing between the base 
current curves and the shift of the operating 
point. 

The collector current has increased to 
approximately 4 ma while the collector voltage 
has decreased to approximately 7. 5 volts. 

Figure 30-37 shows the transistor operating 
under decreased temperature conditions. The 
spacing between the base current curves has 
decreased, the operating point has shifted lower 
on the load line, less collector current is flow- 
ing, and the collector voltage has increased. 





Figure 30-37 - Operating point under decreased 
temperature conditions. 


Q22. Give one method of compensating for a 
shifted Q point due to a temperature increase. 


30-25. Resistor Stabilization 

In the transistor amplifier illustrated in 
Figure 30-38, resistor Rp provides fixed bias 
for class A operation, and resistor Rp pro- 
vides circuit stabilization to prevent temperature 
changes from altering the transistor charac- 
teristics. Resistor Rp also provides protection 
to the transistor by limiting the magnitude of 
the collector current to the maximum safe value 
for the highest temperature to be encountered 
during operation. 

If the ternperature increases, the increase 
in collector current through Rg will lower the 
base-emitter voltage. This action will tend to 
prevent further increase in collector current, 
and therefore, minimize the shift of the oper- 
ating point. 
perature willlower the collector current through 


Conversely, a decrease in tem- 


Chapter 30 ~ TWO JUNCTION TRANSISTORS 
Rp and the voltage drop across Rg. This action 
will increase the base-emitter voltage and will 
tend to prevent further reduction in collector 
current so that there will be less shift of the 
operating point. 

The value ot RE is approximately equal to the 
value of Ry, for maximum protection. However, 
this would result in a serious reduction of power 
output efficiency since Rg would dissipate as 
much power as Ry. It is believed that most 
transistor audio power amplifier circuits will be 
satisfactorily stabilized if the value of RF isnot 
more than 10 percent of the load resistance 
(providing the Ry, was designed for maximum 
power output). 





Figure 30-38 - Resistor bias stabilization. 


If resistor R, is added to the circuit of 
Figure 30-38, another return path for battery 
current will be provided. This path is around 
Rg. The effect of Ry is to provide a relatively 
fixed base bias voltage that is independent of 
current change due to temperature effects. The 
total current in Rp is the sum of the current 
through Rj and the base current Ip 

Increases in temperature tend to increase 
Ip and Ic and inthe absence of Rj might damage 
the transistor. 

With Rj in the circuit, temperature induced 
changes produce less voltage change across Rp 
due to the voltage divider action. At the same 
time the average dc voltage across RE will 
oppose the voltage across Rj (like negative 
feedback) to compensate for the temperature 
effect. For example, an increase in temperature 
will cause an increase in collector current and 
voltage drop across Rg. The voltage across Ry) 
is equal to the sum of the voltage across Rg and 
the bias voltage across the base-emitter junction. 
The voltage across RE increases directly with 
collector current. However, as mentioned be- 
fore. the voltage across Rj is approximately 
constant because of the voltage divider action 
of Rj and Rp. Thus, an increase in voltage 
across Rg is accompanied by a decrease in 
forward bias voltage and current, and the rise 
in Ic is limited. On the other hand more power 
will be wasted at the input, but there will be 
less change in input impedance and less change 
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in input circuit loading. The net result is that 
this method of bias sacrifices a little power 
gain in return for better stabilization, 

In order to prevent degeneration from occur- 
ing across the stabilizing resistor, Rg (Figure 
30-38), in the emitter circuit, a bypass capac- 
itor, Cg, is connected in parallel with Rp. 
The resulting action is similar to that occurring 
in the bypass capacitor in parallel with the 
cathode resistor of a cathode biased electron 
tube amplifier, In order to bypass the ac 
component around the resistor without develop- 
ing a voltage at the signal frequency across the 
resistor, the Xc ohms of the bypass capacitor 
should be low with respect to the resistance 
of the resistor, For most audio transistor 
amplifiers the bypass capacitor does not need 
to be larger than about 50 microfarad. 





Q23. If capacitor Cg in Figure 30-38 were to 
become shorted, would the forward bias increase 
or decrease? Why? 


30-26, Thermistor Stabilization Circuits 

It has been established that the 'S current 
of the transistor is temperature sensitive. 
Specifically, emitter current increases with an 
increase in temperature. Emitter current 
stabilization can be achieved by use of external 
circuits using temperature sensitive elements, 
There are several temperature sensitive elec- 
trical elements. One such element is the 
THERMISTOR (contraction of the words thermal! 
and resistor), The thermistor, as used in this 
chapter, has a negative temperature coefficient 
of resistance; that is, its resistance value de- 
creases with an increase in temperature. 

‘The circuit shown in Figure 30-39 employs a 
thermistor to vary the emitter voltage with tem- 
perature to minimize temperature variations in 
emitter current. This circuit contains two volt- 
age dividers, the first consisting of resistors 
Rzand Rj, and the second consisting of resistor 
Rg, and thermistor RT], The first voltage 
divider permits the application of a portion of 
battery Vcc voltage to the base terminal and 
ground (common return). The base terminal 
voltage is developed across resistor Rj and is 
in the forward bias direction, The second volt- 
age divider applies a portion of battery Voc 
voltage to the emitter terminal. The emitter 
terminal voltage is developed across resistor 
Rg and is in the reverse bias direction, The 
forward bias voltage applied to the base terminal 
is larger than the reverse bias applied to the 
emitter terminal, so that the resultant base- 
emitter bias is always in the forward direction. 








Figure 30-39 - Thermistor control of emitter 
bias voltage. 


With an increase in temperature, the col- 
lector current would normally increase if the 
transistor were not stabilized, The increase in 
collector current can be prevented by reducing 
the forward bias. This is accomplished by the 
voltage divider consisting of resistor Rp and 
thermistor RT), As the temperature increases, 
the resistance of thermistor RT) is decreased, 
causing more current to flowthrough the voltage 
divider, The increased current raises the neg- 
ative potential at the emitter connection of 
resistor Rp. This action increases the reverse 
bias applied to the emitter and decreases the net 
emitter-base forward bias, As a result, the 
collector current is reduced, Similarly, de- 
creasing the temperature would cause the 
reverse actions, and prevent the decrease of 
collector current, 

Capacitor C) blocks the dc voltage of the 
previous stage andcouples the ac signal into the 
base-emitter circuit, Capacitor Cp bypasses 
the ac signal around resistor Rp. Resistor Ry, 
is the collector load resistor and develops the 
output signal. Capacitor C, blocks the dc col- 
lector voltage from, and couples the ac signal to, 
the following stage. 

The circuit shown in Figure 30-40 employs a 
thermistor to vary the base voltage with tem- 
perature to minimize temperature variations in 
emitter current, This circuit contains a volt- 
age divider consisting of resistor R, and ther- 
mistor RT). The voltage divider applies a 
portion of battery (Vcc) voltage to the base- 
emitter circuit, Electron current flow through 
the voltage divider is in the direction of the 
arrow, This current produces a voltage of the 
polarity indicated across thermistor RT). This 
circuit produces a forward bias. 

If the temperature of the transistor rises, 
the emitter current would tend torise. However, 
the resistance of thermistor RT) decreases with 
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A22. Reduce the EB bias an appropriate 
amount to restore the proper operating 
conditions. 

A23. Increase. The bias would now be approx- 


imately equal to the voltage drop across 
Rj. The transistor would most likely be 
destroyed due to thermal runaway. 














Figure 30-40 - Thermistor control of base bias 
voltage. 


increase in temperature, causing more current 
to flow through the voltage divider, Increased 
current through the voltage divider causes a 
larger portion of battery Vcc voltage to be 
dropped across resistor Ry. The available volt- 
age for forward bias developed across thermistor 
RT], is reduced, thereby reducing the emitter 
current. 

Transformer T, couples the ac signal into 
the base-emitter circuit. Capacitor Cj bypasses 
the ac signal around thermistor RT). Trans- 
former Tz primary acts as the collector load 
and develops the output signal which is coupled 
to transformer Tz secondary. 

The ability of the thermistor to limit the 
variation of collector current with temperature 
is represented in Figure 30-41. One curve 
shows the variation of collector current for a 
transistor circuit that is not stabilized. Another 
curve shows the variation of collector current 
for a transistor circuit that is resistor stabi- 
lized. The last curve shows the variation of 
collector current for a transistor circuit that 
is thermistor-stabilized. There is improvement 
in the stability of the transistor circuit employ- 
ing the thermistor. However, thermistor 
stabilization achieves ideal current at only 
three points (A, B, and C, Figure 30-41) be- 
cause the thermistor resistance variation is not 
equal to (does not track) the variation in emitter- 
base junction resistance. 


Q24, If power output efficiency is a main con- 
sideration of a circuit, would it be better to 
stabilize the circuit by thermistor control of 
the emitter bias voltage or the base bias voltage? 
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Figure 30-41 - I¢ versus temperature for non- 
stabilized and thermistor stabilized circuits. 


Q25. If a transistor circuit is required to 
operate with an ambient temperature of about 
75° C would resistor or thermistor stabilization 
be used? 


30-27. Junction Diode Stabilization 

Variation of collector current with tempera- 
ture is caused by the variation with temperature 
of the emitter base junction resistance and the 
saturation (reverse bias) current. Variation, 
with temperature, of the resistance and the 
reverse bias current of a PN junction occurs 
whether the PN junction is part of a transistor 
or part of a junction diode. Thus, the junction 
diode, like the thermistor, can be used in bias 
stabilizing circuits. The main advantage of 
using the junction diode as a temperature- 
sensitive element is that it can be made of the 
same material as that of the transistor to be 
stabilized. The temperature coefficient of re- 
sistance of the diode and that of the transistor, 
of the same material, are the same. This con- 
dition permits a more constant collector current 
over a wide range of temperatures because of 
better tracking with the EB junction resistance. 

Junction diodes have a negative temperature 
coefficient of resistance whether they are for- 
ward or reverse biased (as long as the break- 
down region is avoided). 
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30-28, Forward Biased Single Diode Stabilization 

The circuit shown in Figure 30-42 employs 
forward-biased junction diode CR, as a tem- 
perature sensitive element to compensate for 
variations of emitter-base junction resistance. 
Consider the voltage divider consisting of re- 
sistor R) and junction diode CRy. The current 
(I) through the voltage divider flows in the 
direction shown, and develops a voltage across 
diode CR, with polarity as indicated, This 
voltage is a forward bias, With increased 
temperature the collector current would tend 
to increase, However, increased temperature 


decreases the resistance of diode CR), causing 
more current toflow through the voltage divider. 





Figure 30-42 - Single forward-biased diode 
stabilization, 


As a result there is an increased voltage drop 
across resistor Rj, The voltage drop across 
diode CR) is correspondingly decreased, there- 
by reducing the forward bias and hence, the 
collector current, 

The ac signal is coupled into the transistor 
amplifier by transformer T], Capacitor C) by- 
passes the ac signal around diode CR,. Collector 
load resistor Rz develops the output signal. 
Capacitor Cz blocks the de voltage from, and 
couples the ac signal to, the following stage. 

The effectiveness of this circuit to stabilize 
collector current with temperature is indicated 
by curve BB of Figure 30-43. Compare this 
curve with curve AA, for which the transistor 
is not stabilized and with the curve for ideal 
current, Curve BB shows that a marked im- 
provement in the collector current stability 
occurs for temperatures below 50°C. This 
indicates that the variations with temperature of 
the junction diode resistance tracks and com- 
pensates for the variations of emitter-base 
junction resistance, The sharp increase in 
collector current (curve BB) at temperatures 
above 50° C indicates that junction diode CR, 
does not compensate for the increase in satu- 
ration current (ICBO). This condition might 
have been anticipated since the saturation cur- 
rent (collector-base reverse bias current) flows 


‘out of the base, through Tj secondary, through 
diode CR}, battery Vcc, and back to the col- 
lector, Because the saturation current, at 
temperatures below 50° C, is a small percentage 
of the total current through diode CR, (forward 
biasedand lowin resistance) it causes no appre- 
ciable voltage drop across diode CR). 
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Figure 30-43 - Ic versus temperature for non- 
stabilized, single diode and double diode 
stabilization. 


30-29. Double Diode Stabilization 

The circuit shown in Figure 30-44 employs 
two junction diodes as temperature sensitive 
elements. One junction diode compensates for 
the temperature variations of emitter-base 
junction resistance; the other compensates for 
the temperature variations of saturation current, 
The circuit is similar to that shown in Figure 
30-42. Resistor R3 and junction diode CR2 
(reverse biased) have been added (Figure 30-44), 
Resistor Rj and junction diode CR, (forward 


Is*Tcpott 





Figure 30-44 - Double diode stabilization, 
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A24, Thermistor control of the base bias volt- 
age is better because power is wasted in 
the emitter resistance 


A25, Thermistor stabilization, because it is 
closer to the ideal current at higher tem- 
peratures. 








biased) compensate for the change in emitter- 
base junction resistance at temperatures below 
50°C, (See curve BB, Figure 30-43.) 

Reverse-biased junction diode CR2 can be 
considered an open circuit at low temperatures. 
At room temperature, diode CR2 reverse bias 
(saturation) current Ig flows through junction 
diode CRz in the direction indicated. Diode 
CR2 is selected so that its rated saturation 
current is larger than the rated ICBO of the 
transistor. Diode reverse-bias current I, 
consists of transistor reverse bias current 
ICBO and a component of current (Ij) drawn 
from the battery. The voltage polarity developed 
by current I; across resistor R3 is indicated. 
Note that the emitter-base bias voltage is the 
sum of the opposing voltages across resistor R3 
and junction diode CR}, assuming negligible 
resistance in transformer T, secondary. As 
the temperature increases, ICBO, Is, and Ij 
increase. The resultant reverse-bias voltage 
developed across resistor R3 by current ly, 
increases. The total forward bias (voltage 
across diode) CR, and resistor R3 decreases 
with increasing temperature to stabilize the 
collector current. 

The functions of transformer T,, capacitors 
C, and C2, and resistor Rz, are the same as 
those for the corresponding elements of Figure 
30-42, 

The effectiveness of this circuit to stabilize 
collector current at high and low temperatures 
is indicated by curve CC of Figure 30-43. 


30-30. Breakdown Diode Temperature 
Compensation 


It was stated that the reverse-biased PN 
junction diode has a negative temperature co- 
efficient of resistance. This statement is true 
if the reverse-bias voltage does not equal or 
exceed the breakdown voltage. The breakdown 
diode (AVALANCHE DIODF) has a_ positive 
temperature coefficient of resistance several 
tuumes larger than the negative temperature 
coefficient. of resistance of the forward- or 
reverse-biased PN junction diode 

Voltage regulators using breakdown diodes 
were discussed in the previous chapter. The 
discussion of the operation of a breakdown diode 
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voltage regulator applies only if the temperature 
of the breakdown diode does not vary under 
operating conditions. One method of compen- 
sating for the increasing or decreasing break- 
down diode resistance with increasing or 
decreasing temperature, respectively, is to 
place elements of negative temperature-coeffi- 
cient in series with the breakdown diode. Figure 
30-45 shows a circuit with two forward-biased 
diodes (CR, and CRg) in series with the break- 
down diode (CR3). The total resistance of the 
three diodes in series remains constant over a 
wide range of temperatures. The complete 
result is a constant voltage output although 
temperature, input voltage (Ein), and load- 
current drain may vary. 





Figure 30-45 - Breakdown diode temperature 
compensated voltage regulator. 


Two diodes are used in this circuit because 
the temperature -coefficient of resistance of each 
is half that of the breakdown diode. Forward- 
biased diodes are used because of the very low 
voltage drop across them. Thermistors, or 
other temperature-sensitive elements, can also 
be used. 


Q26. For what reason is the additional diode 
employed in double diode stabilization? 


Q27. Why is double diode stabilization more 
desirable than forward biased single diode 
stabilization? 
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FREQUENCY LIMITATIONS 


30-31. Alpha Cut-Off Frequency 

The current gain, voltage gain, and power 
gain of a transistor amplifier are directly pro- 
portional to the short circuit forward current 
amplification factor. This factor is important 
in transistor electronics and is referred to as 
alphag, (@ gy). With the subscript 'f' being the 
current from the emitter to the collector in the 
forward direction, and the subscript ''b'’ indi- 
cating thata common-base configuration is being 
used, The short circuit forward current am- 
plification factor is the ratio of the output 
current to the input current, measured with the 
output short circuited (ac). If alphagy of a given 
transistor is high, the B will be correspondingly 
high; therefore the following discussion is con- 
cerned only with alphagp. 

To obtainmaximum gain in a given amplifier, 
itis necessary to use a transistor having a 
high-valued short circuit forward current am- 
plification factor (alphafp). Most transistors 
have an alphash ranging from 0, 940 to 0, 985 with 
the average value of 0.96. Regardless of the 
average value of alphagy, this factor will de- 
crease as emitter current increases. In a 
typical transistor the ratio of collector current 
to emitter current will remain relatively constant 
until a high value of emitter current is reached; 
then the collector current will increase less 
rapidly as the emitter current increases. This 
indicatesa reduction in the current amplification 
factor at high values of emitter current. This 
phenomenon is most pronounced in power am- 
plifiers that draw heavy emitter current 

Amore important limitation placedon alpharh 
is that of frequency. Like all amplifying devices 
the transistor has a maximum operating fre- 
quency. The frequency limitation of transistors 
will vary from one type to another with some 
types designed to operate as high as 1000 Mc. 

The short circuit current gain alphafp is 
measured(in most cases) at a frequency of | ke. 
The ALPHA CUT-OFF FREQUENCY is defined 
as that frequency at which alphagy drops to 0. 707 
of its 1 ke value. The alpha cut-off frequency 
is designatedas fg .,. For the common-emitter 
configuration the beta cut-off frequency is desi- 
gnated fBco- 





Interelement Capacitances 

‘Another factor which makes the gain of a 
transistor frequency dependent are the INTER- 
ELEMENT CAPACITANCES within the tran- 
sistor. 








Figure 30-46 shows the interelement capaci- 


tances associated with the transistor. The 
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Figure 30-46 - Effective interelement capac- 
itances of the transistor. 


capacitances are shown externally; however, the 
actual capacitance effects are produced by the 
PN junctions within the transistors. Because the 
width of the PN junctions vary in accordance 
with the voltages across them and the current 
flow through them, the capacitances values also 
vary. For example, the variation of collector- 
base capacitance (Ccp) with collector voltage 
andemitter current is shown in Aand B, Figure 
30-47. 


(igemay 


CAPACITANCE Cob (UF? 


3.1620 20 


A.COLLECTOR VOLTAGE Vcg (VOLTS) 


(Veg *6VoUTs) 





CAPACITANCE Ccb ( UUF) 


2 ss 2 


B.EMITTER CURRENT T_(MA) 





Figure 30-47 - Variation of Ce with Vc and 
Ig. 
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A26. To compensate for collector current vari- 
ations when the circuit is operated above 
50° GC. 


A27, Single diode stabilization does not com- 
pensate for Icpo: 


The increase in the width of the PN junction 
between base and collector, as the reverse bias 
voltage (Vcp)is increased, is reflected inlower 
capacitance values. This phenomenonis equiva- 
lent to spreading apart the plates of a capacitor 
so that lower capacitance results, 

An increase in emitter current, most of which 
flows to the collector through the base-collector 
junction, increases the collector-base capaci- 
tance (Cch). The increased current through the 
PN junction may be considered as effectively re- 
ducing the width of the PN junction, This 
phenomenon is equivalent to reducing the distance 
betweenthe plates ofa capacitor so that increas- 
ed capacitance results, 

In high-frequency amplifier applications, the 
collector-base capacitance causes positive feed- 
back that may result in oscillation, External 
circuits must be used to prevent oscillation. 

The average value of collector-base capac- 
itance (Co) may vary from 2 pf for high fre- 
quency transistors, to 50 pf for low frequency 
(audio) transistors, 

The collector-emitter capacitance (Ce) of 
a transistor, also caused by the PN junction, 
normally is greater than that of the collector- 
base capacitance and also varies with emitter 
current and collector voltage. 

The effect of the variation of interelement 
capacitance with current and voltage is utilized 
to frequency modulate oscillators. 

Because the collector-emitter capacitance 
is greater than the collector-base capacitance, 
common-base amplifiers have a better high 
frequency response than common-emitter am- 
plifiers, 

The emitter-base capacitance (Ceb), although 
very high because of normal forward bias and 
resultant small width of the PN junction, does 
not offer many problems in amplifier design be- 
cause it is normally shunted by a low input 
resistance, 

Figure 30-48 shows an RC coupled amplifier 
with interelement capacitances inserted. The 
high frequency response is limited by Cg and 
Cj. The stray capacitance and the capacitance 
of the output impedance are represented by Co. 
The capacitive effect of the input impedance is 
represented by Cj. Since the reactances of Co 
and Cj decrease as the frequency increases, the 
gain falls off as the frequency increases, 
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Figure 30-48 - Interelement capacitances in 
relation to external circuit. 


The low frequency response is limited by 
the time constant of capacitor C, and resistor 
Rp. This time constant must be long in com- 
parison to the lowest frequency to be amplified. 


Q28, What causes C.p to decrease as Vo is 
increased? 


Q29, In a CB configuration, C.p is shunted 
across the load. Which of the interelement ca- 
pacitances is shunted across the load in the CE 
configuration? 


NEUTRALIZATION AND UNILATERALIZATION 


A UNILATERAL electrical device is one 
which transmits energy in one direction only, 
The transistor is nota unilateral device, Every 
transistor, due to interelement capacitances, 
has an internal feedback mechanism which feeds 
back voltage from the output to the input. In 
each transistor configuration, the feedback 
voltage aids the input voltage and is therefore a 
positive feedback, If the positive feedback 
voltage is large enough, the amplifier will 
oscillate, At low frequencies (audio frequencies), 
the voltage feedback is low; therefore, special 
precautions to prevent oscillation are not usually 
required, High frequency amplifiers with tuned 
coupling networks are susceptible to oscillations 
so that precautions must be taken. 

The effect of positive or negative voltage 
feedback on the input circuit of an electrical 
device is to alter its input impedance. Nor- 
mally, both the resistive and the reactive 
components of the input impedance are affected, 
The change in the input impedance of a tran- 
sistor caused by the internal feedback, can be 
eliminated by using an external feedback cir- 
cuit, If the external feedback circuit cancels 
both the resistive and the reactive changes in 
the input circuit, the transistor amplifier is 
considered to be UNILATERALIZED. If the 
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external feedback circuit cancels only the re- 
active changes inthe input circuit, the transistor 
amplifier is considered to be NEUTRALIZED. 
Actually, neutralization is a special case of 
unilateralization. In either case, the external 
feedback circuit prevents oscillation in the 
amplifier. 


30-33. CB Amplifier, Unilateralized 

Figure 30-49 shows a tuned common-base 
amplifier. The de biasing circuits are not 
shown. Transformer T) couples the input sig- 
nal to the amplifier. Capacitor Cy and the 
transformer T, secondary winding form a 
parallel resonant circuit. Transformer Tz 
couples the output of the amplifier to the follow- 
ing stage. Capacitor C2 and the transformer 


Tz primary winding form a parallel resonant 
circuit. 





Figure 30-49 - CB amplifier, tuned. 

The internal elements of the transistor that 
may cause sufficient feedback and oscillation are 
shown in dashed lines in Figure 30-50. 

Resistor r', represents the resistance of the 
bulk material of the base and is referred to as 
the BASE-SPREADING RESISTANCE. Capacitor 
Cop represents the capacitance of the base- 
collector junction. Resistor r, represents the 
resistance of the base-collector junction. This 
resistance is very high in value because of the 
reverse bias on the base-collector junction. At 


z 


Figure 30-50 - Internal feedback elements. 





very high frequencies, capacitor Cch effective- 
ly shunts resistor re. 

Assume that the incoming signal aids the 
forward bias (causes the emitter to go more 
positive with respect to the base). Collector 
current increases in the direction shown. A 
portion of the collector current passes through 
capacitor Ccb and through resistor r', in the 
direction shown, producing a voltage with the 
indicated polarity. The voltage across resistor 
r'y aids the incoming signal and therefore rep- 
resents a positive feedback that may cause 
oscillation. 

To overcome the possibility of oscillation, 
the external circuit(consisting of resistors Ry} 
and Ry and capacitor Cx) can be added to the 
circuit, as shown in Figure 30-51, Resistors 
Ry} and Rn2 and capacitor Cy correspond to 
resistors r'y and r¢ and capacitor Cop respec- 
tively. The need for resistor RN2 depends on 
the frequency being amplified; the higher the fre- 
quency, the less the need for resistor Ry2. 





Figure 30-51 - Unilateralized CB amplifier. 


When the incoming signal aids the forward 
bias, the collector current increases. A por- 
tion of the collector current passes through 
capacitor Ccb through resistor r'p in the dir- 
ection shown, producing a voltage with the 
indicated polarity. A portion of the collector 
current also passes through capacitor Cy and 
through resistor Rn}, producing a voltage with 
the indicated polarity. The voltages produced 
across resistors r'} and Ry] are opposing volt- 
ages. If the voltages are equal, no positive or 
negative feedback from output circuit to input 
circuit occurs. The amplifier is considered to 
be unilateralized. 


Q30. What type of feedback is developed across 


ry? 


Q3l. How is unilateralization different from 
neutralization? 
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A28, Increasing Vc causes the electrostatic 
field of the CB junction to increase, In- 
creasing the width of the field is the same 
as moving the plates of a capacitor fur- 
ther apart, thus, capacitance decreases. 


A29, Coe shunts the load in the CE config- 
uration, 


A30, Positive or regenerative feedback. 


A3l, Unilateralization cancels BOTH resistive 
and reactive changes in the input circuit. 





30-34, Common-Emitter Amplifier, Partial 


Emitter Degeneration 

‘A common-emitter amplifier using partial 
emitter degeneration to unilateralize the am- 
plifier is shown in Figure 30-52, Capacitor Cy 
and resistors Ry) and Ry forma unilateralizing 


network, Transformer T) couples the input 
signal to the base-emitter circuit, Resistor Ry 
forward biases the base-emitter circuit. Ca- 
pacitor C prevents shorting of base bias voltage 
by the transformer T) secondary, Transformer 
T2 couples the output signal to the following 
stage. Capacitor Cz and the transformer T2's 
primary winding form a parallel resonant cir- 
cuit. Capacitor C3 blocks battery de voltage 
from resistor Ry) and couples a portion of the 
collector current (i.2) to the emitter, Inductor 
Ly (an rf choke) prevents ac shorting to ground 
of resistor Ry, through capacitor C3. 

When the input signal aids the forward bias, 
collector current i, increases in the direction 
shown, Internally, a portion of the collector 
current is coupled to the base-spreading resist- 
ance through the collector-base junction capac- 
itance, The voltage developed across the 
base-spreading resistance aids the incoming 
signal and constitutes a positive feedback. To 
offset the positive feedback, a portion of the 
collector current (ic}) is directed through re- 
sistor Ry, and the parallel combination of 
capacitor Cy and resistor Ryz. The voltage 
developed across resistor Ry) is a degenerating 
voltage equal and opposite to that developed 
across base-spreading resistance. The net 
voltage feedback to the input circuit is zero, 
and the amplifier is thus unilateralized, The 
values of capacitor Cy and resistors Ry, and 
Ry2 depend on the internal values of the collec- 
tor-base junction capacitance, the base-spread- 
ing resistance, and the collector resistance, 
respectively. 


Q32, What would be the polarity of the charge 
on neutralizing capacitor CN in Figure 30-51 with 
the circuit operating? 








Figure 30-52 - CE amplifier, partial emitter 
degeneration, 


FREQUENCY COMPENSATION 


30-35, High Frequency Shunt Compensation 


For shunt compensation (Figure 30-53), 
inductor L, is added in series with load resistor 
Ry. This compensates for the shunting effect of 
output impedance capacitance C, and input im- 
pedance Cj. The capacitive reactance of 
output impedance capacitance Cg and input im- 
pedance capacitance Cj shunt inductor L, and 
load resistor Ry. Capacitor C, is practically 
a short circuit at high frequencies, Since in- 
ductor L) (in series with resistor Ri) and 
capacitors C; and C, form a parallel resonant 
circuit having a very broad response, this type 
of compensation may also be called shunt peak- 
ing. The resonant peak of this parallel combina- 
tion maintains a practically uniform gain in the 
high frequency range. In the uncompensated 
circuit the high frequency gain was reduced by 
the capacitive reactances of capacitors C, plus 
Cj. The impedance of the parallel resonant 
circuit has a value that is approximately the 
same as load resistor Ry. When the frequency 
increases, the decrease in the capacitive re- 





Figure 30-53 - Shunt compensation, 
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actances of C, plus C; is exactly compensated 
by the increase in the inductive reactance of 
inductor L}, The frequency response is increas - 
ed, extending the flatness of the response curve 
over a much higher range of frequencies. 


30-36, High Frequency Series Compensation 
For SERIES COMPENSATION, Figure 30-54, 


inductor Lz is added in series with capacitor 
Cc. Considering capacitor C, as a short cir- 
cuit at high frequencies, inductor Lz and capac- 
itor Cj form a series resonant circuit at very 
high frequencies, As very high frequencies are 
approached, the series circuit approaches 
resonance, Thus, current flow through capac- 
itor Cj increases as the frequency increases. 
The capacitive reactance of capacitor C. de- 
creases the voltage across load resistor Ry as 
the frequency increases, Since the current flow 
through capacitor C; increases with frequency it 
compensates for the decrease in voltage across 
load resistor Ry. The frequency response is 
approximately the same as for the shunt peaking 
coupling circuit, The high frequency gain of a 
wide-band amplifier using series peaking is 
about 50 percent greater than that using shunt 
peaking. 





Figure 30-54 - Series compensation. 


30-37. High Frequency Series -Shunt 


Compensation 

For SERIES-SHUNT COMPENSATION, Figure 
30-55, the series-compensation and the shunt- 
compensation coupling circuits are combined, 
This type of coupling is called combination 
compensation or combination peaking. The 
qualitative analysis discussed in shunt com- 
pensation and series compensation apply to 
this circuit, The frequency response is approxi- 
mately the same as that of the shunt peaking or 
the series peaking coupling circuits. The high 
frequency gain of the combination peaking cou- 
pling circuit is approximately 80 percent greater 
than the series peaking coupling circuit. 


30-38. Low Frequency Compensation 
On the low-frequency end of the frequency 


response range, the input and the output capaci- 





Figure 30-55 - Series-shunt compensation, 


tances of the transistors have no effect on the 
frequency response. The low-frequency re- 
sponse is limited by capacitor C, (Figure 30-56) 
and resistor Rg. The time constant (RyCc) 
must be large to prevent the low frequency 
response from falling off and to prevent phase 
distortion. The loss of gain at low frequencies 
is minimized by adding a compensating filter 
in series with load resistor Ry. The compen- 
sating filter consists of resistor Rp and capac- 
itor Cp. The filter increases the collector load 
impedance at low frequencies and compensates 
for the phase shift produced by capacitor Cc and 
resistor Rp. For high frequencies, capacitor 
Cr is practically a short circuit, Thus, at high 
frequencies, the collector load impedance con- 
sists only of resistor Ry. As the frequency 
decreases, the reactance of capacitor Cp in- 
creases, For very low frequencies capacitor 
Cp is practically an open circuit, Thus, at very 
low frequencies the collector load impedance 
consists of resistor Ry and resistor Rp. This 
combination extends the frequency response 
curve over a much lower range of frequencies, 
The gain and phase response becomes more 
uniform over the low frequency range of the 
frequency response curve. 











Figure 30-56 - Low frequency compensation. 


30-39. Simultaneous High- and Low-Frequency 
Compensation 

Figure 30-57 shows a typical wide-band am- 
plifier (30 cps to4 Mc) using both high- and low- 
frequency compensation. The high- and the 
low-frequency compensating circuits operate 
independently and do not interfere with each 
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A32. Negative on the plate connected to the 
collector of the transistor and positive on 
the plate connected to the plus terminal of 
the battery. 





other, At low frequencies the series reactance 
of inductor Lj is very small and has no effect 
on the collector load impedance. The series 
reactance of inductor Lz is also very small and 
has no effect on the input circuit. The react- 
ances of output impedance capacitance C, (not 
shown) and input impedance capacitance C; (not 
shown) are so large that they have no effect at 
low frequencies, This means that the combina- 
tion peaking coupling has no effect at low fre- 
quencies, Similarly, at high frequencies, the 
reactance of capacitor Cp is very small and is 
practically a short circuit. Resistor Rp has no 
effect on the collector load impedance at high 
frequencies. Thus, compensating filter RpCr 
has no effect at high frequencies. 





Figure 30-57 - High and low frequency 
compensation, 


Q33, Does shunt compensation or series com- 
pensation yield the greatest gain at high fre- 
quencies ? 


Q34, In a circuit employing low frequency 
compensation (such as Figure 30-57), what 
would be the effect on HIGH frequency oper- 
ation if capacitor Cf were to become shorted? 


SERVICING TECHNIQUES 


Transistors may be damaged beyond repair 
by applying the incorrect polarity to the col- 
lector circuit or excessive voltage to the input 
circuit or by careless soldering techniques 
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that overheat the transistor, Also the low- 
voltage electrolytic capacitors used in tran- 
sistor circuits are easily damaged by reversed 
polarity connections or excessive voltage. 


30-40, Soldering Techniques 

Because of the small physical size of tran- 
sistors and their associatedcircuit components, 
small-sized tools are used, Small cutting pliers 
and needle-nose pliers are more useful than 
the conventional sizes. Narrow-blade screw 
drivers are more useful than larger, conven- 
tional types. A sharp-pointed, thin metal probe 
is also useful for cleaning solder from small 
openings or areas. Soldering is performed 
more satisfactorily with a small low-wattage 
soldering iron (35 to 40 watts) having a narrow 
point or wedge as its tip. 

Always ground the frame of the soldering 
iron or gunto the chassis when soldering around 
transistors or transistor circuitry. Enough 
leakage voltage is present in most irons to cause 
damage to the transistor, Soldering with an 
ungrounded iron to a transistor and its associ- 
ated circuitry held in one's hand may damage the 
transistor because the body has considerable 
capacitance to ground; the charging of this 
capacitance through the transistor can cause 
permanent damage. The junction is made very 
thin in order to operate at very high frequencies 
and is easily damaged by excess current, The 
same precaution (grounding the frame or chassis) 
is followed in applying any ac operated test 
equipment. 

When soldering transistor leads, the terminal 
lead is held with needle-nose pliers (or a heat 
shunt) positioned between the transistor body 
and the lead end. This arrangement allows the 
heat to travel into the pliers (or shunt), thereby 
diverting it away from the transistor, To make 
sure that all the heat is drawn away from the 
transistor, the pliers should remain securely 
on the lead for a short interval after removing 
the iron, Transistor leads should be relatively 
long and the soldering operation should be as 
short as possible. Low-temperature rosin core 
solder is the proper type to use. 

Where transistor leads are stiff they may be 
plugged into appropriate type sockets, In this 
case the socket terminals should be soldered 
only when the transistor is out of the socket. 

Transistor components are small and the 
connecting wires of resistors, capacitors, and 
coils are easily broken, These wires should be 
handled carefully both in installations and in 
replacements, 


30-41, Testing Transistor Circuits 


Transistors are biased in the forward, or 
low resistance direction, of the base-emitter 
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input circuits. These circuits are particularly 
vulnerable to any excess voltage over their 
rated value, This excess voltage can cause a 
current to flow that will overheat the transistor 
junction and permanently damage it. Proper 
operation depends on the crystal lattice struc- 
ture and the impurity atoms that are present. 
Heat will distort the lattice andaffect the behav- 
ior of the impurity atoms so that normal tran- 
sistor action is seriously impaired. Excessive 
collector current will generate more heat in the 
relatively high impedance of the collector cir- 
cuit and damage the transistor, Maximum 
allowable collector current depends on the 
ambient temperature, If the ambient tempera- 
ture goes up, the maximum allowable collector 
current must be decreased (derated), 

Both the value and the polarity of voltages 
to be applied to transistor circuits should be 
carefully checked before they are applied, It 
is important to know the type of transistor being 
used, The NPN types require positive collector 
voltages and negative emitter voltages; whereas, 
the PNP types require negative collector volt- 
ages and positive emitter voltages. Transistors 
should be inserted properly in the sockets before 
voltages are appliedin order to avoid the possi- 
bility of transient currents (momentary pulses) 
which might damage a transistor, Similarly, 
power to the unit should be disconnected before 
removing transistors from sockets. If the 
magnitude of the collector current is in doubt a 
milliammeter of suitable range should be con- 
nected in series with the collector terminal, and 
battery potential should be applied gradually by 
means of a potentiometer. 

When signal generators are used in testing 
transistor circuits the magnitude of the signal 
should be limited to a low value, especially in 
low-level input stages. Indirect coupling, for 
example, (either capacitive or inductive)is 
preferred to direct coupling. The ungrounded 
(hot) lead from the output terminal of the signal 
generator can be terminated on the insulated 
portion of a capacitor or resistor in the circuit 
under test. Another method is to connect a coil 
to the output terminals of the signal generator and 
bring the coil into proximity with inductive ele- 
ments of the circuit under test, 

If an ohmmeter is used to check components 
in a transistor circuit, the range in use shouid 
not employ a battery of more than about 3 V. 
Higher voltages can damage the transistor. 
Electrolytic capacitors may give incorrect 
readings if the rule for polarities of the ohm- 
meter leads is not observed when connecting 
the leads to the capacitor terminals. The posi- 
tive lead of the ohmmeter should connect to the 
positive terminal of the electrolytic capacitor, 
and the negative lead should connect to the 
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negative terminal for correct indications, 

The markings of the test leads do not nec- 
esarily indicate the polarity of the voltage on 
the leads when using a multimeter as an ohm- 
meter. The lead marked "common" may be 
either positive or negative with respect to the 
other leads depending on the design of that 
particular multimeter. Make sure by reference 
to the technical manual or by checking the 
polarity of the ohmmeter leads with a volt- 
meter. This is done by puttingthe common leads 
of the two meters together and the positive probe 
of the voltmeter on the ungrounded lead of the 
ohmmeter. The direction of deflection of the 
voltmeter needle will indicate whether the 
common lead of the ohmmeter is positive or 
negative with respect to the other leads.For ex- 
ample, when using the AN/PSM-4Aas anohm- 
meter, the lead marked "common" is positive 
with respect to the lead marked 'volt-ohm- 
amps. " 

A transistor may be tested for its amplifying 
property by inserting it in a circuit like that of 
Figure 30-58 and applying a suitable input signal, 
preferably from an audio signal generator, The 
input and output voltages are then measured with 
a vacuum-tube voltmeter and the gain is calcu- 
lated. This value is then compared with that of 
a transistor known to be in good condition, 

There are many types of tests to be made on 
transistors, such as de tests for opens, shorts, 
leakage and gain, plus the dynamic tests, The 
test circuit (Figure 30-58) is for PNP tran- 
sistors, for use with NPNtransistors the battery 
polarities are reversed by a switch (not shown). 





Figure 30-58 - PNP transistor tester, 


The test switch allows insertion of the tran- 
sistor in the test socket before application of 
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A33, Series compensation, 
A34, Practically no effect, At high frequencies 


Cy appears as a short for normal oper- 
ation, 








the bias voltages. Since the test circuit i 
common emitter configuration it is used speci- 
fically for dynamic beta measurement. The 
other tests are made with slightly revised test 
circuits. 

When the output of a transistor radio re- 
ceiver is distorted or weak, the first thing to 
check is the battery. Its voltage should be 
checked with a vacuum-tube voltmeter or high 
resistance volt-ohmmeter while the set is turned 
on, If the battery is weak, its voltage will be 
down 20 percent or more, Before replacing the 
battery the resistance between the battery clips 
should be checked. For example, if the resist- 
ance measured with an ohmmeter (requiring 
a battery of not over 3 V) is 8000 ohms and the 
manufacturer's limits are 6000 to 15,000 ohms, 
it is safe to insert a new battery. An alterna- 
tive method of some manufacturers is to indicate 
the allowable current drainof the battery instead 
of the resistance between the battery clip with 
the battery removed, To obtain an indication of 
the current that the battery supplies to the set, 
a milliammeter can be connected in series with 
the battery and either clip. 








ABBREVIATIONS AND SYMBOLS USED IN 
TRANSISTOR CIRCUITS 


Semiconductor, General 
BV......+. Breakdown voltage 


Ta. . Ambient temperature 
. Operating temperature 
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Transistor 


B, b......Base electrode 

Gc. . Collector electrode 

Ceb...... Capacitance base- 
collector junction 






Cipe Input capacitance (common-base) 
Ciee Input capacitance (common-emitter) 
Cob-.++++ Output capacitance (common-base) 


+ Output capacitance (common- 
emitter) 

. Emitter electrode 

Base current (dc) 

. Base current (instantaneous) 

Collector current (dc) 

+ Collector current (instantaneous) 

«Collector cutoff current (dc), 
emitter open 

IcEo:++++ Collector cutoff current (dc), 
base open 

-Emitter current (de) 

. Emitter current (instantaneous) 

. External base resistance 

«Base spreading resistance, 
(sometimes labled r'p) 

«Input junction resistance 

Base supply voltage 

++++Base-to-emitter voltage (dc) 

+ Collector voltage (with respect to 
ground or common point. ) 

,Collector-to-base voltage (dc) 

Collector-to-emitter voitage (dc) 

. Collector-to-emitter voltage (rms) 

.Collector-to-emitter voltage 
(instantaneous) 

Vox (sat). .Collector-to-emitter saturation 

voltage 

VERO.---- Emitter-to-base voltage (static) 

Voc.+.++-Collector supply voltage 

VeE---+--Emitter supply voltage 

















Vor 





VCB.+« 
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10. 


il. 


12. 
13, 


14, 


15, 


16, 
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EXERCISE 30 


Give two ways in which a transistor anda 
vacuum tube are very different. 

Define and explain the similarities between 
the elements of the electron tube and the 
transistor. 

If the arrow head on the schematic symbol 
of a transistor points away from the base, 
what type of transistor is represented? 
Explain why the emitter and the base can 
never be made of the same type of impurity 
(N or P) material in a single transistor. 

Is the net charge on the N side of the junc- 
tion negative or positive? Explain. 

Is the electrostatic field of the junction 
increased or decreased when forward bias 
is applied? Explain why the field is caused 
to change when bias is applied. 

Why can't a semiconductor diode be used as 
an amplifier? 

Describe the effect onthe emitter-base and 
collector-base junction fields when normal 
operating bias is applied to a two junction 
transistor. 

In a properly biased PNP type transistor 
which element has the most positive poten- 
tial connected to it, base, collector, or 
emitter? 

Name some of the factors involved in the 
transportation of a charge through a tran- 
sistor. 

Explain the difference between drift current 
and diffusion current. 

What is a density gradient? 

What happens to the carriers that recombine 
in the base region? 

What would be the direction of base lead 
current if temperature increased to the 
point where I¢BO exactly equaled the base 
current 1p? 

Determine the beta of a transistor if a 10 
microampere change in base current causes 
a 2 ma change in collector current. 

In a common emitter amplifier, does col- 
lector current increase or decrease when 
the input signal OPPOSES the emitter-base 
bias? 
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18. 


19. 


20. 


21. 
22 

23, 
24. 
25. 
26. 
27. 
28. 


29 
30. 


31. 


32. 


33, 


34. 
35. 
36. 


37. 


In a common emitter amplifier does the 
base resistance Rp develop the forward 
bias? Explain. 

Explain why the CE configuration produces 
a 180° phase shift, but the CB and CC 
configurations do not. 

Which quantity is held constant when devel- 
oping a family of I¢-Vc¢ characteristic 
curves for a CB configuration? 
Determine the base currentin a CE am- 
plifier if Rp=19k ohms, Vpp=l.5V, and 
the input junction resistance (BE) equals 
1 k ohm. 

Define the term cut-off current, 

Explain the saturation region of a transistor. 
Explain the breakdown voltage region. 
Explain how the constant power dissipation 
curve is obtained, 

What is the permissible operating region 
of a transistor? 

Define and explain class A operation of a 
transistor amplifier. 

Define and explain class B operation of a 
transistor amplifier. 

Define and explain class C operation of a 
transistor amplifier. 

Why is bias stabilization necessary? 

What is meant by the term degradation 
factor? 

What isthe advantage of thermistor stabili- 
ization over resistor stabilization? 

Give one main reason why diode stabilization 
is better than thermistor stabilization. 
What are the main interelement capaci- 
tances in atransistor and how do they affect 
frequency response? 

Define the alpha and beta cut-off frequency. 
What is the purpose of unilateralization? 
Explain a method of high frequency com- 
penation. 

Explain some of the mainprecautions to be 
taken when servicing transistorized printed 
circuit equipment 
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CHAPTER 31 


RECEIVER PRINCIPLES 


Many of the principles, and compo- 
nents discussed in previous chapters are direct- 
ly applicable to radio receivers. A basic knowl- 
edge of them is therefore assumed in treating 
the material included in this chapter. 

At the radio transmitter the carrier fre- 
quency is modulated by the desired signal, 
which may consist of coded characters, voice, 
music, or other types of signals. AMPLITUDE 
MODULATION (AM) occurs if the modulating 
signals cause the amplitude of the output to 
vary. Although there are other types of modu- 
lation, only AM receivers will be treated in this 
chapter. 

The RF carrier wave with the modulating 
signal impressed upon it is transmitted through 
space in the form of an electromagnetic wave. 
As the electromagnetic wave passes across the 
receiving antenna, small ac voltages are in- 
duced in the antenna. These voltages are cou- 
pled into the receiver via the antenna coupling 
coil. The function of the receiver is to select 
the desired carrier frequency from those pre- 
sent in the antenna circuit and to amplify the 
small ac signal voltage. The receiver then 
separates the modulating signal (intelligence) 
and the carrier by the process of detection 
(rectification and the removal of the RF com- 
ponent) and amplifies the resultant audio signal 
to the proper magnitude to operate the audio re- 
producer (speaker or earphones). 

The radio receivers discussed in this chapter 
are the TUNED-RADIO- FREQUENCY (TRF) re- 
ceiver, and the SUPERHETERODYNE receiver. 

The purpose of this chapter is to give an 
overall view of the manner in which a receiver 
converts the electromagnetic wave, received by 
the antenna, into the type of energy that the 
human ear interprets—sound. This is accom- 
plished by separating the receiver into blocks 
with each block representing a main section of 
the receiver. In this chapter the purpose and 
action of each block or section will be discussed 
briefly. Each section will then be the subject 
of a complete chapter which will discuss that 
section, and its relation to the entire receiver 
in detail. 


circuits, 


3 Origin of Receiver Input 
It has been stated that the purpose of a re- 
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ceiver is to convert the electromagnetic wave, 
from the transmitter, into energy usable by the 
human ear. Before entering into a discussion 
of the manner in which the receiver accom- 
plishes this, the reader may find a brief review 
of the origination of the transmitted wave ad- 
vantageous. Figure 31-1 illustrates the block 
diagram of a basic transmitter and the nature 
of the input and output energy of each section, 





Figure 31-1 - Basic transmitter. 


The input to the transmitteris in the form of 
sound waves which are produced by voice, musi- 
cal instruments, etc. These sound waves range 
in frequency from about 20 cycles per second to 
around 20,000 cycles per second. The micro- 
phone converts the sound waves into an electri- 
cal signal which varies in frequency and ampli- 
tude in accordance with the original sound. Since 
the electrical signals from the microphone are 
very weak they are fed to the modulating section 
(audio amplifier) which increases the amplitude 
to a level suitable to be used as an input to the 
power amplifier. 

The power amplifier, in the RF unit has two 
inputs; one is the audio signal from the modu- 
lator and the other is the constant amplitude 
radio frequency signal from the oscillator. In 
the broadcast band, the channel frequencies for 
various transmitter's will range from 535 ke to 
1605 kc. The output of the oscillator is called 
the CARRIER frequency. Inthe power amplifier, 
the audio signal (intelligence) is impressed on 
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the carrier. The output of the power amplifier 
is a modulated RF signal, which is then fed to 
the antenna. 

The antenna radiates the modulated RF sig- 
nal in the form of electromagnetic waves. This 
electromagnetic wave will now be used as the 
input to the receiver. 


Ql. What is the function of the microphone? 


Q2. What are the essential functions that a re- 
ceiver must perform? 


Q3. The sensitivity ratings of two receivers 
are being compared. Receiver X has an output 
of one watt with an input signal of 50 micro- 
volts. Receiver Y has an outputof one watt with 
an input signal of 25 micro-volts. Which re- 
ceiver has the highest sensitivity? 





Functions of a Receiver 

A receiver must perform certain basic func- 
tions in order to be useful, These functions, in 
order of their performance are: RECEPTION, 
SELECTION, DETECTION, A. F. AMPLIFICA- 
TION, and REPRODUCTION. 

RECEPTION involves having the transmitted 
electromagnetic wave pass through the receiver 
antenna in such a manner as to induce a voltage 
in the antenna. 

SELECTION involves being able to select a 
particular station's frequency from all the trans- 
mitted signals that happen to be induced in the 
receiver's antenna at a given time. 

DETECTION is the action of separating the 
low frequency intelligence from the high fre- 
quency carrier. 

AF AMPLIFICATION involves amplifying the 
low frequency intelligence (audio in the case of 
a radio) to the level required for operation of 
the reproducer. 

REPRODUCTION is the action of converting 
the electrical signals to sound waves which can 
then be interpreted by the ear as speech, music, 
etc. 

The ability of a receiver to reproduce the 
signal of avery weak station is a function of the 
receiver's SENSITIVITY. In other words, the 
weaker a signal that can be appliedto a receiver, 
and still achieve the same value of signal output, 
the better is that receiver's sensitivity rating. 

The ability of a receiver to select and repro- 
duce a desired signal from among several close- 
ly spaced stations, or from among interferring 
frequencies, is determined by the receiver's 
SELECTIVITY. In other words, the better a 
receiver is at differentiating between desired 
and undesired signals, the better is the re- 
ceiver's selectivity rating. 
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31-3. Block Diagram of Simple Receiver 

Figure 31-2 shows the block diagram of a 
simple receiver which will perform all the func- 
tions required of a receiver. 





Figure 31-2 - Simple receiver block 
diagram. 


Figure 31-2 also illustrates the functions 
performed by the various sections of the re- 
ceiver. The input to the receiver is the elec- 
tromagnetic wave propagated from the antenna 
of thetransmitter, This wave will pass through 
the antenna of the receiver and induce a small 
ac voltage. The section of the receiver form- 
ed by the antenna and L) perform the function 
of reception. Lj is the primary of the input 
transformer and the voltage induced in L} is 
coupled to the secondary, Lz. Lz and C) form 
a tuned circuit with C1 being variable to permit 
tuning across the broadcast band. Thus, the 
tuned input circuit performs the function of 
selecting a specific frequency from among those 
present in the antenna circuit, The output of 
the tuned circuit is a modulated RF signal. 

This modulated RF signal is then fed to the 
detector circuit where the function of detection 
(rectification and filtering) is performed. The 
output of the detector circuit is a weak audio 
signal. The audio signal from the detector is 
too weak to satisfactorily operate a speaker; 
therefore, it is fed to an audio frequency am- 
plifier to increase its amplitude. The output of 
the AF amplifier is fed to the speaker, which 
performs the function of reproduction, or con- 
verting the electrical signals back to the form 
of the original input to the transmitter (in this 
case, sound waves). 


TRF RECEIVER 


The tuned radio frequency receiver, gener- 
ally known as the TRF receiver, consists of 
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one or more RF stages, a detector stage, one 
or more AF stages, a reproducer, and the nec- 
essary power supply. A block diagram of a 
TRF receiver is shown in Figure 31-3. The 
waveforms that appear in the respective sec- 
tions of the receiver are shown above the block 
diagram. 

The amplitude of the AM signal at the input 
of the receiver is relatively small because it 
has been attenuated in the space between the 
transmitter and the receiver. It is composed 
of the carrier frequency and two sideband fre- 
quencies. The RF amplifier stages amplify the 
waveform, but they do not change its basic shape 
if the circuits are operating properly. The de- 
tector rectifies and removes the RF component 
of the signal. The output of the detector is a 
weak signalmade up only of the modulation com- 
ponent, of the incoming signal. The AF ampli- 
fier stages following the detector increase the 
amplitude of the AF signal to a value sufficient 
to operate the loudspeaker or earphones. 


31 RF ion 

The ANTENNA-GROUND SYSTEM serves to 
introduce the desired signal into the first RF 
amplifier stage via the antenna coupling trans- 
former. For best reception the resistance of 
the antenna-ground system should be low. The 
antenna should also be of the proper length for 
the band of frequencies to be received, and the 
antenna impedance should match the input im- 
pedance of the receiver. The gain ofmost com- 
mercial receivers; however, is generally suf- 
ficient to make these values non-critical. 

The RF AMPLIFIERS in the TRF receiver 
have tunable tanks in the input circuits. Thus, 
the receiver may be tuned so that only one RF 
signal within its tuning range is selected for 
amplification. When the tank is tuned to the 
desired frequency, it resonates and produces a 
relatively large circulating current. The input 





of the RF amplifier then receives a relatively 
signal voltage at the resonant frequency and min- 
imum signal voltage at allother frequencies. 

It must be remembered that the amplitude 
modulated signal as it leaves the transmitter, 
witha single audio frequency as the intelligence, 
is actually composed of energy at three distinct 
frequencies. These frequencies are the carrier 
frequency, and two (upper and lower) sideband 
frequencies. The separation between the maxi- 
mum limits of the upper and lower sideband fre- 
quencies constitutes the bandwidth of the trans- 
mitted signal. The separation between either 
sideband and the carrier is equal to the intelli- 
gence frequency. In the case of radio, the 
energy content of the sideband frequencies is a 
direct function of the percent of modulation 
(intensity) of the audio frequencies. 

Although broadcast band receiver's cover a 
frequency range from 535 kc to 1605 kc, the 
bandwidth of any specific station is only a small 
percentage of this operating frequency. Station 
bandwidths range from 10 ke to 14 ke depending 
on whether the station operates in the upper or 
lower portion of the frequency range (high fre- 
quency stations have the lower bandwidths). 
Therefore, the RF amplifiers and their associ- 
ated interstage coupling networks must be cap- 
able of passing a band of frequencies as wide, 
or wider, than the station bandwidth, 

The sensitivity and selectivity of a TRF re- 
ceiver is improved by increasing the number of 
RF stages. However, there is a practical limit 
to the number of stages that may be added (the 
reasons behind the advantages and limitations 
will be explained in Chapter 32). The tuned 
tanks of eachRF stage, ina TRF receiver, must 
be tuned to the same frequency. Therefore, 
when changing frequency all of the tanksmust be 
changed to the new frequency. Whentwoormore 
RF stages are used, the tuning capacitors (coil 
cores if inductively tuned) are ganged on the 





Figure 31-3 - Block diagram of a TRF receiver and waveforms. 
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Al. To convert sound waves into electrical sig- 
nals. 


A2. Reception, selection, detection, amplifica- 
tion, and reproduction. 


A3. Receiver ¥ 








same shaft. This is indicated by a dotted line 
connecting the tanks (Figure 31-3). 


Q4. What effect do the RF amplifiers have on 
the waveshape of the signal? 


3 Detector Section 

The process of removing the intelligence com- 
ponent of the modulated waveform from the RF 
carrier is called DETECTION or DEMODULA- 
TION. In the amplitude modulation system, the 
audio or intelligence component causes both the 
positive and the negative half cycles of the RF 
signal to vary in amplitude. The function of the 
detector is to rectify the modulated signal. A 
suitable filter eliminates the remaining RF 
pulses and passes the audio componenton to the 
AF amplifiers. In Figure 31-3 the detector sec- 
tion is divided into two parts, the rectifier, and 
the filter. The waveform of the rectifier por- 
tion of the detector section indicates the posi- 
tive half cycles of the signal remaining after 
rectification, The waveform for the filter por- 
tion of the detector section indicates the audio 
component remaining after the RF pulses have 
been filtered out, 

The various types of detector circuits will 
be explained in detail in Chapter 36. 








Audio Frequency Section 

The function of the AF section of a receiver 
is to further amplify the audio signal. In most 
cases the amount of amplification that is nec- 
essary depends on the type of reproducer used. 
If the reproducer consists of earphones, only 
one stage of amplification may be necessary. 
If the reproducer is a large speaker or other 
mechanical device requiring a large amount of 
power, several stages may be necessary. In 
most reccivers the last stage is operated asa 
power amplifier. The reproducer converts the 
audio signal to sound waves. 


3 Power Supply Section 


The power supply section of the receiver 
converts the ac energy from the power line in- 
to the proper value of de energy required by 
the individual sections of the receiver. 


31-8. Characteristics of the TRF Receiver 
The principal disadvantage of the TRF re- 

ceiver is that its selectivity, or its ability to 

separate signals, does not remain constant 
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over its tuning range. As the set is tuned from 
the low-frequency end of its tuning range to the 
high frequency end, its selectivity decreases. 

Also, the amplification, or gain, of a TRF 
receiver is not constant over the tuning range 
of the receiver. The gain depends on RF trans- 
former gain, which increases with frequency. 
In order to improve the gain at the low-frequen- 
cy end of the band, RF transformers employing 
high-impedance (untuned) primaries are de- 
signed so that the primary inductance will res- 
onate with the primary distributed capacitance 
at some frequency slightly below the low endof 
the tunable band, Thus, the gain is good at the 
low end of the band because of the resonant 
buildup of primary current. The near-reso- 
nant condition of the primary at the low end 
more than offsets the effect of reduced trans- 
former action. However, the shunting action 
of the primary distributed capacitance lowers 
the gain at the high-frequency end of the band. 
To make up for the resultant poor gain at the 
high end of the band, a small capacitor is con- 
nected between the plate and grid leads of ad- 
jacent RF stages to supplement the transformer 
coupling. At the low end of the band the capac- 
itive coupling is negligible. 

The superheterodyne receiver has been de- 
veloped to overcome many of the disadvantages 
of the TRF receiver. 


Q5. Does the detector section change the wave- 
form of the audio component during the rectifi- 
cation process? 


SUPERHETERODYNE RECEIVERS 


The essential difference between the TRF 
receiver and the superheterodyne receiver is 
that in the former the RF amplifiers preceding 
the detector are tunable over a band of fre- 
quencies; whereas in the latter the corre- 
sponding amplifiers are tuned to one fixed fre- 
quency called the INTERMEDIATE FREQUENCY 
(IF). The principle of frequency conversion by 
heterodyne action is here employed to convert 
any desired station frequency within the receiver 
range to this intermediate frequency. Thus an 
incoming signalis converted to the fixed inter- 
mediate frequency before detecting the audio 
signal component, and the IF amplifier operates 
under uniformly optimum conditions throughout 
the receiver range. The IF circuits thus may 
be made uniformly selective, uniformly high in 
voltage gain, and uniformly of satisfactory band- 
width to containall of the desired sideband com- 
ponents associated with the amplitude-modulated 
carrier. 

The block diagram of a typical superhetero- 
dyne receiver is shown in Figure 31-4. Below 
corresponding sections of the receiver are shown 
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Figure 31-4 - Block diagram of a superheterodyne receiver and waveforms, 


the waveforms of the signal at that point. The 
RF signal from the antenna passes first through 
an RF amplifier (preselector) where the ampli- 
tude of the signal is increased. A locally gen- 
erated unmodulated RF signalof constant ampli- 
tude is thenmixed with the carrier frequency in 
the mixer stage. The mixing or heterodyning 
of these two frequencies produces an intermedi- 
ate-frequency signal which contains all of the 
modulation characteristics of the original signal. 
The intermediate frequency is equal to the dif- 
ference between the station frequency and the 
oscillator frequency associated with the hetero- 
dyne mixer. The intermediate frequency is 
then amplified in one or more stages called 
INTERMEDIATE-FREQUENCY (IF) AMPLI- 
FIERS and fed to a conventional detector for 
recovery of the audio signal. 

The detected signal is amplified in the AF 
section and then fed toa headsetor loudspeaker, 
The detector, the AF section, and the repro- 
ducer of a superheterodyne receiver are basic- 
ally the same as those in a TRF set. 

31 RF Ampl 

The RF stage amplifies the small ac volt- 
ages induced in the antenna by the electromag- 
netic wave from the station transmitter. Util- 
izing atuned circuit between the antenna and the 
input of the RF amplifier permits selection of 
the desired station frequency from among the 
many present in the antenna. 

If an RF amplifier is used ahead of themixer 
stage of a superheterodyne receiver it is gener- 
ally of conventional design. Besides amplifying 
the RF signal, the RF amplifier has other im- 
portant functions. For example, it isolates the 
local oscillator from the antenna-ground system. 
If the antenna were connected directly to the 
mixer stage, a part of the local oscillator signal 
might be radiated into space. This signal could 





be picked up by a sensitive direction finder on 
any enemy ship. For this reason and others, 
Navy superheterodyne receivers are provided 
with at least one RF amplifier stage. 

Also, if the mixer stage were connected di- 
rectly to the antenna, unwanted signals, called 
IMAGES, might be received, because the mixer 
stage produces the intermediate frequency by 
heterodyning two signals whose frequency dif- 
ference equals the intermediate frequency. (The 
heterodyne principle was treated in (Chapter 26). 

The image frequency always differs from the 
desired station frequency by twice the inter- 
mediate frequency. Image frequency = station 
frequency + (2 X intermediate frequency). The 
image frequency is higher than the station fre- 
quency if the local oscillator frequency tracks 
(operates) above the station frequency (Figure 
31-5,A). The image frequency is lower than 
the station frequency if the local oscillator 
tracks below the station frequency (Figure 31- 
5, B). The latter arrangement is generally used 
for the higher frequency bands, and the former, 
for the lower frequency bands. 

For example, if a superheterodyne receiver 
having an intermediate frequency of 455 kc is 
tuned to receive a station frequency of 1500 ke 
(Figure 31-5, A), and the local oscillator has a 
frequency of 1955 kc, the output of the IF am- 
plifier may contain two interfering signals-one 
from the 1500-ke station and the other from an 
image station of 2410 ke (1500 + 2 X 455 = 2410 
kc). The same receiver tuned near the low end 
of the band to a 590-kc stationhas a local oscil- 
lator frequency of 1045 ke. The output of the IF 
amplifier contains the station signal (1045-590 = 
455 kc) and an image signal (1500-1045 = 455 
kc). Thus the 1500-kc signal is an image heard 
simultaneously with the 590-kc station signal. 

It may also be possible for ANY two signals 
having sufficient strength, and separated by the 
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A4. Whenoperating properly the RF amplifiers 
will increase the amplitude of the wave- 
shape, but change it in no other way. 


A5. No. The waveform of the audio component 
will be almost identical to the waveform of 
the original modulating signal. 
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Figure 31-5 - Relation of image frequency to 
station frequency in a super- 
heterodyne receiver. 


intermediate frequency to produce unwanted sig - 
nals in the reproducer, The selectivity of the 
preselector (RF stages preceding the mixer 
stage) tends to reduce the strength of these 
images and unwanted signais. However, there 
is a practical limit to the degree of selectivity 
obtainable in the preselector due to the fact that 
the RF stage must havea much wider bandwidth 
than the bandwidth of the desired signals (ex- 
plained later). 

The ratio of the amplitude of the desired sta- 
tion signal to that of the image is called the 
IMAGE REJECTION RATIO and is an important 
characteristic of a superheterodyne receiver. 

The output of the RF amplifier stage 1s an 
amplified version of the modulated RF input sig- 
nal. 


Q6. What is the range of frequencies that the 


RF stage must be capable of tuning in a broad- 
cast band superheterodyne receiver? 


31-10. Local Oscillator 

The function of the LOCAL OSCILLATOR 
stage is to produce a constant amplitude sine 
wave of a frequency which differs from the 
desired station frequency by an amount equal 
to the intermediate frequency of the receiver. 
The operation of the oscillator circuits is simi- 
liar to the operation of oscillator circuits pre- 
viously discussed and will be explained in re- 
lation to the receiver in Chapter 33. 

Although the oscillator may be operated either 
above or below the station frequency, in most 
broadcast band receivers the oscillator is oper- 
ated above the station frequency. In order to 
allow selection of any frequency within the range 
of the receiver the tuned circuits of the RF stage 
and the local oscillator are variable. By using 
a common shaft, or ganged tuning, for the vari- 
able component of the tuned circuits, both cir- 
cuits may be tuned in such a manner as to main- 
tain the difference between the local oscillator 
frequency and the incoming station frequency 
equal to the receiver IF. 

The output of the local oscillator is fedto the 
MIXER stage. 


NOTE: The waveforms shown in Figure 31-4 
are not shown to scale. In most receivers the 
amplitude of the oscillator waveform will be 
many times that of the modulated RF signal 
from the RF stage. 


31-11, Mixer 

The function of the MIXER stage is FRE- 
QUENCY CONVERSION by virtue of heterodyne 
action. 

The input to the mixer consists of two sig- 
nals: the modulated RF signal and the unmodu- 
lated local oscillator signal. The mixer then 
combines, or mixes, these two signals. As a 
result of this mixing action, the output of the 
mixer will contain four major frequencies plus 
many minor frequencies. The four major fre- 
quencies are: (1) The original signal frequency. 
(2) The local oscillator frequency. (3) The SUM 
of the signal and oscillator frequencies. (4) The 
DIFFERENCE of the signal and oscillator fre- 
quencies. The additional frequencies present 
are produced by combinations of the fundamentals 
and harmonics of the signal and oscillator fre- 
quencies. Of the frequencies present in the out- 
put of the mixer, only the difference frequency 
is used in amplitude modulated broadcast band 
receivers. The output circuit of the mixer stage 
contains a tuned circuit which is resonated at 
the difference frequency. 

‘The output of the mixer is fed to the first IF 


Chapter 31 - RECEIVER PRINCIPLES 


u 





amplifier and consists of a modulated inter- 
mediate frequency signal. 


Q7. If the input to a mixer consists of a 795 ke 
RF signal and a 1250 ke oscillator signal, what 
major frequencies would be present in the out- 
put of the mixer? 


Q8. What would the value of the difference fre- 
quency for question 7 be? 


12,_1F Amplifier 

Superheterodyne receivers employ one or 
more IF amplifiers depending on design and 
quality of the receiver. Transformers are 
usually used for interstage coupling in the IF 
section. The IF circuits are permanently tuned 
to the difference frequency between the incoming 
RF signal and the local oscillator. As previ- 
ously stated, all incoming signalsare converted 
to the same frequency by the mixer stage, and 
the IF amplifier operates at only one frequency. 
The tuned circuits, therefore, are permanently 
adjusted for maximum gain consistent with the 
desired bandpass and frequency response. 
These stages operate as class A voltage ampli- 
fiers and practically all of the selectivity (ad- 
jacent broadcast channel and interference fre- 
quencies, not image frequency) of the super- 
heterodyne receiver is determined by them. 





The values of intermediate frequencies for 
broadcast receivers range from 130k¢ to 485 
kc, with the most popular value being around 
455kc. The choice of the IF will be discussed 
in Chapter 35. 

The output of the final IF amplifier is fed to 
the detector, or demodulator. 


31-13. Detector, AF Amplifier, and 
Reproducer 
The receiver functions of detection, AF am- 


plification, and reproduction are performed by 
the detector, AF amplifier, and speaker in the 
same manner previously described for the TRF 
receiver. 


31-14. Characteristics of the Superheterodyne 


Receiver 

Since the IF stages operate at a single fre- 
quency, the superheterodyne receiver may be 
designed to have better selectivity across the 
entire broadcast band and better gain per stage 
than the TRF receiver. 

The major disadvantage of the 'superheter- 
odyne" is the reception of image frequencies. 
However, this disadvantage has been elimi- 
nated, to a large extent, due to the improved 
design of preselector circuits and the control- 
ling of station broadcast patterns. 
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EXERCISE 31 






Ab. 535 ke to 1605 kc. 
AT. 795kc, 455kc, 1250 kc, and 2045 ke. 
AB, 455 ke 

1, Define the term "sensitivity: 

2. Define the term "selectivity 

3, What is the function of the RF amplifiers 
and interstage coupling networks in the 
TRF receiver? 

4, How may the sensitivity and selectivity of 
a TRF receiver be increased? 

5. Why is a large circulating current desired 
in the input tank of the Ist, RF ampli- 
fier? 

6. How is the bandwidth of the transmitted 
signal described? 

7. Why cannot the bandwidth of the RF stage 


be less than the bandwidth of the transmit- 
ted signal? 


8. 


9% 


10. 


TM. 


12. 


13. 


14, 
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What are the two functions of the detector 
stage? 

Give some disadvantages of the TRF re- 
ceiver (compared to the superheterodyne). 
Explain the main difference between the 
TRF and the superheterodyne receiver. 
Why must the local oscillator in a super- 
heterodyne be tuned at the same time the 
preselector is tuned? 

How does the output of the mixer differ 
from the input of the mixer? 

Give some advantages of the superhetero- 
dyne (compared to the TRF receiver). 
Explain the major disadvantage of the 
superheterodyne (compared to the TRF re- 
ceiver). 


CHAPTER 32 


TRANSISTOR RF AMPLIFIERS 


The function of a radio receiver is to intercept 
a small percentage of the radio-wave energy 
radiated from the antennas of transmitters and 
recover the original intelligence contained in it. 

The transmitter of a radio station may have 
an output power on the order of thousands of 
watts, and the voltage on the transmitting an- 
tenna may be on the order of thousands of volts. 
However, the value of RF energy intercepted 
by the receiver depends on many factors such 
as: the distance between the transmitter and 
the receiver, the location of the receiver (in a 
valley, on a hill, behind a building, etc.), the 
type of receiving antenna used (directional, high 
gain, etc.), orientation of the receiver antenna, 
the power of the transmitter, and the type of 
terrain over which the signal is passed on its 
way to the receiver. Therefore, after taking 
all of these factors into consideration, it is not 
surprising to find that usually the receiving 
antenna only intercepts a few microwatts of 
power, and the voltage induced in the antenna is 
measured in microvolts, 

In the early days of radio, receivers were 
rather simple devices, They performed the 
minimum basic requirements of a receiver, 
which are reception, selection, detection, and 
reproduction. A schematic diagram of one of 
these simple receivers, called CRYSTAL SETS, 
is shown in Figure 32-1. 

The antenna performs the function of recep- 
tion. Selection of the desired signal is accom- 
plished by adjusting the variable tuning coil, Ly. 
The crystal detector (CR) rectifies the signal, 
and the capacitor (C}) filters the RF component 
of the detected signal. The audio component of 
the signal is then passed on to the earphones, 
which perform the function of reproduction by 





Figure 32-1 - Crystal set schematic. 
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converting the electrical into sound 
waves. 

It was difficult for a family to enjoy a radio 
broadcast when only one person at a time could 
use the earphones. This problem led, by pop- 
ular demand, to another function being added to 
the receiver—audio amplification, Now the set 
produced enough power to operate a speaker, and 
everybody could hear the reproduced sound 
waves at the same time. Reception was still 
difficult, and as the broadcast spectrum began 
to fill up with stations, it became increasingly 
more difficult to separate one station from the 
other. It was discovered that the addition of RF 
amplifier stages not only increased the sensi- 
tivity of the set (allowed reception of weaker 
stations), but also its selectivity (allowed better 
discrimination between adjacent stations). 

In the search for improved reception 3, 4, 
and sometimes 6 stages of tuned radio frequency 
amplification were added tothe receivers. This 
led to increased problems in tuning and neu- 
tralization. 

Many of the problems of the TRF receivers 
were reduced, or eliminated, by the introduction 
of the superheterodyne principle of reception, 
and today practically all of the radio receivers 
use this principle. The tuned RF amplifier is 
not necessary to the operation of a super- 
heterodyne receiver, but one or more RF am- 
plifiers are included in higher quality receivers 
where better reception is desired. 


signal 


32-1. Block Diagram of Superheterodyne 


Receiver 

Figure 32-2 shows the position of the RF 
amplifier in relation to the other stages of the 
superheterodyne receiver. The RF amplifier 
stage receives its input from the antenna and 
sends an amplified output to the mixer stage for 
conversion to the receiver's intermediate fre- 
quency (IF). 

Besides amplification of the received RF 
signal, the RF amplifier stage serves other im- 
portant functions. Due to its location, the RF 
amplifier isolates the local oscillator from the 
receiver's antenna. Without isolation the local 
oscillator frequency could be radiated from the 
receiver's antenna. Such radiation could inter- 
fere with the performance of other electronic 
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Figure 32-2 - Block diagram of superheterodyne receiver and waveforms. 


equipment in the immediate vicinity of the re- 
ceiver; and even more important, the radiated 
signal could be detected by enemy radio direc- 
tion finding (RDF) equipment; thus, revealing 
the position of the receiver. For this reason 
and others, Navy superheterodyne receivers 
are provided with at least one RF amplifier 
stage. Another function of the RF amplifier is 
to provide increased selectivity forthe receiver. 
Having established a need for RF amplifiers, 
this chapter will provide information concerning 
transistor circuits used for this purpose. In- 
cluded will be schematic diagrams and the 
information concerning the selection of the 
most desirable circuit configuration, bandwidth 
characteristics, and methods of tuning. 


32-2. General Operation of RF Amplifier 


Before entering into a detailed analysis of 
RF amplifiers, the schematic diagram and gen- 
eral operation of a typical RF amplifier will be 
discussed. Figure 32-3 illustrates the schematic 
diagram of a transistor circuit used as an RF 
amplifier. 

The amplifier uses a PNP transistor in the 
common emitter configuration. The primary of 
T1 forms atank circuit with C} which is part of 
the receiver's antenna circuit. Any broadcast 
signal will induce a current in the antenna; how- 
ever, only currents at or near the tank's res- 
onant frequency will cause tank oscillations to 
occur. The tank oscillations are coupled from 
primary to secondary of T1, and applied to the 
base of transistor Q). This causes collector 
current to vary in accordance with the applied 
signal, with a resultant amplified signal devel- 
oped across the collector tank circuit (C4, Cs, 
and T2 primary). 

The dc operating point of the transistor is 
established by the voltage divider action of re- 





Figure 32-3 - Transistor RF amplifier. 


sistors Rj and R2, Stabilization and emitter 
bias is provided by R3. C3 prevents degener- 
ation by placing the emitter at ac ground. Cz 
and Cg act as decoupling capacitors, and pre- 
vent the development of RF variations across 
the power supply Vcc. R4 is a voltage dropping 
resistor used to supply the proper collector 
voltage to Q1. The collector tank circuit is 
resonant to the same frequency as the antenna 
tank circuit. This provides greater selectivity 
for the stage. The output of the RF amplifier 
is transformer coupled to the mixer stage by T2. 

T, and Tz are permeability, or slug-tuned, 
transformers whose powdered iron cores (slugs) 
are variable and are ganged together to provide 
a means of tuning the receiver through the 
broadcast band. When the tuning control is 
turned to select a broadcast signal, the induct- 
ance of Tj and Tz primaries will be varied, 
causing the respective tanks to resonate at the 
frequency of the desired signal. Cy) and C5 
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are made variable for alignment purposes (to 
be explained). 


QI. When the antenna tank circuit, Cy-pri- 
mary of T], is resonant to a specific signal 
frequency, does it present a maximum or a 
minimum impedance to that signal frequency? 


32-3. Selection of Configuration 


The purpose of this section is to show how 
the requirements for the operation ofan RF am- 
plifier have a bearing on the selection of the 
transistor configuration to be used. 

Why is the common-base (CB) configuration 
better in one application and the commor emitter 
(CE) configuration better in another? Before 
the best configuration for a particular appli- 
cation can be chosen, there are many factors 
to be considered. Some of the more important 
of these factors are listed below: 


1, ‘The type of circuit and class of operation to 
be used. 

2. The type (power, voltage, or current) and 
amount of gain required. 

3, The range of operating frequencies to be en- 
countered. 

4. Impedance matching between input and out- 
put circuits. 

5. Ease of neutralization for high frequency 
operation. 

6. Amount of internally generated noise that is 
acceptable for a particular application. 


Some of the factors involved in the choice of 
a configuration are solved by the requirements 
of an RF amplifier, One of the most basic re- 
quirements of an RF amplifier is that it will 
amplify the input signal voltage in a distortion 
free manner. The fact that the circuit is to be 
primarily a voltage amplifier eliminates the 
common-collector configuration, since this con- 
figuration exhibits a voltage gain of less than 
one. To amplify the signal in a distortion free 
manner requires the transistor to be biased for 
class A operation. 

The type of circuit required has narrowed the 
selection to either the CB or CE configurations. 
Either can be biased class A and either willgive 
a voltage gain. 

ALPHA CUT-OFF FREQUENCY is the fre- 
quency at which the gain of a CB configuration 
drops to 70.7% of its gain measured at 1 kc. 
BETA CUT-OFF FREQUENCY is the frequency 
at which the gain of a CE configuration drops to 
70.7% of its gain measured at 1 kc. The aver- 
age transistor used as an RF amplifier, for 
broadcast band reception, has an alpha cut-off 
frequency (feo) of approximately 40 Mc. The 


beta cut-off frequency (fpco) is determined by 
use of the following equation: 


fBco = (1 -O Mfgco (32-1) 


where: beta cut-off frequency in cps 
Beco 


fgco = alpha cut-off frequency in cps 


a = alpha of the transistor 


Thus, a transistor with a current gain (a) of 
approximately 0.98 and an fgco of 40 Mc will 
have a fpco of: 


{Bco = (1 - @)faco 


£Bco = (1 - 0.98) 40 x 106 


0.02 x 40 x 106 


" 


{Beco 
{Reo = 800 ke 


From the above it can be seen that the gain 
of a transistor used in the CE configuration will 
decrease to the 70.7% point at a much lower 
frequency than the same transistor used in the 
CB configuration. A comparison of gain versus 
frequency for the two configurations is shown in 
Figure 32-4. The curves are fora typical tran- 
sistor used in RF amplifier applications in AM 
broadcast band receivers. The curves are 
plotted with the output terminals of the tran- 
sistor ac shorted to remove load influences. 

The transistor is a 2N1631, germanium PNP 
type. The 2N1631 has an alpha of 0.987, an 
alpha cut-off frequency of 45 Mc, and a beta of 
76. The beta cut-off frequency by equation (32- 
1) is: 


fBco = (1 -a )faco (32-1) 
f s 6 

Beco = (1 - 0.987) 45 x 10 

fBco = 585 ke 


The range of frequencies covered by the 
broadcast band has been superimposed on the 
gain curves (Figure 32-4) for a comparison of 
the gain of the two configurations within the 
desired operating range. The gain of the CB 
configuration is low, but relatively constant 
within the broadcast band. Whereas, the gain 
of the CE configuration is high and varies con- 
siderably within the range of operating frequen- 
cies. 
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Al, Maximum. Because the antenna tank in 
this particular circuit, is a parallel res- 
onant circuit. 
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Figure 32-4 - CE and CB configuration gain 
versus frequency for 2N1631. 


If the amplifier were to be used in a wide 
band circuit where gain was not of primary im- 
portance, the CB configuration would be best 
suited. On the other hand, if the application 
required a narrow band amplifier and gain was 
of prime importance, the CE configuration 
would be more satisfactory. 

The required bandwidth of a single stage RF 
amplifier for a broadcast band superheterodyne 
is very small compared to the operating fre- 
quency of the circuit. For example, assume a 
bandwidth of 40 kc. The ratio of operating fre- 
quency to bandwidth even at the low end of the 
broadcast spectrum is: 


550 ke 
40 kc 


or approximately 13.7 to 1. While at the high 
end of the spectrum the ratio is: 


1600 ke 
40 ke 


or approximately 40 to 1. Thus, in this appli- 
cation, a bandwidth of 40 kc is considered a 


narrow band amplifier. However, if the same 
40 kc bandwidth were used with an operating 
frequency of 80 kc, the ratio of operating fre- 
quency to bandwidth would be only: 


80 ke 
40 ke 


or 2to 1. In this application a bandwidth of 40 
ke would be considered a wide band. 

Since the RF amplifier isa narrow band am- 
plifier, and the bandwidth is such a small portion 
of the broadcast spectrum, the variation of gain 
of the CE configuration within the bandwidth 
would be of little consequence. If it were abso- 
lutely necessary to have the gain of the CE and 
the flat response of the CB (and additional cost 
did not matter), a transistor having an {Reo 
above the broadcast band could be chosen. Two 
such transistors are the 2N700 with an fB¢o of 
7 Mc, and the 2N509 with an {Bco of 10.5 Mc. 

The ratio of output to input resistance is 
smaller (values closer together) in the CE than 
in the CB. Thus, the problem of matching the 
output impedance of one stage to the input im- 
pedance of the following stage is greatly sim- 
plified when CE configurations are used. 

At broadcast band frequencies the neutral- 
ization of either configuration (if required) is a 
relatively simple accomplishment. The tran- 
sistors used as RF amplifiers in AM receivers 
typically yield 25-30 db gain unneutralized and 
28-33 db gain when neutralized. However, at 
higher frequencies neutralization becomes in- 
creasingly more complex. At frequencies ap- 
proaching the alpha cut-off of the transistor, 
neutralization of the CB configuration is much 
simpler than for the CE (due to the superior 
isolation between the input and output circuits 
of the CB). At high frequencies the use of the 
CB configuration results ina more stable cir- 
cuit. The operation of the CE configuration 
becomes unstable and unreliable at very high 
frequencies. 

The internally generated noise of the tran- 
sistor (discussed in a later section) is about the 
same for either the CB or CE configurations. 
The selection of a configuration is not appre- 
ciably affected by internal noise considerations. 

In summary it can be said that in narrow band 
high gain applications and where variation in 
stage gain within the bandwidth is not critical, 
or where relative simplicity in design is desired, 
the CE configuration may be expected to pre- 
dominate. In very wide band applications where 
constant gain within the bandwidth is important, 
stage gain is not a critical factor; or where very 
high frequency operation with relatively narrow 
bandwidths is employed, the CB configuration 
may be expected to predominate. 
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Q2. If the alpha cut-off ofa transistor is 100 
Mc and the alpha is 0.99, what is the cut-off fre- 
quency when this transistor is used in the CE 
configuration? 


Q3. Would a two stage CE or a two stage CB 
amplifier be simpler to design? Why? 


32-4. Input Circuit 
Small currents are induced in receiver an- 
tennas when the antenna intercepts a signal in 
the form of electromagnetic energy. There are 
many frequencies present in the antenna, in- 
cluding those within the broadcast band (535 ke 
to 1605 kc). Equal amplification (at the same 
time) of all signals present in the antenna would 
result in excessive interference. It is desir- 
able to select a specific station's signal and 
reject all other signals. However, for reasons 
yet to be discussed, the bandwidth of the RF 
amplifier must be wider than the exact band- 
width of the desired station signal. Therefore, 
adjacent station signals and interference fre- 
quencies above and below the desired station 
frequency will receive some amplification. 

The ability of a tank circuit to select a band 
of frequencies isa function of its Q. The higher 
the Q, the smaller is the bandwidth. As will be 
explained in Chapter 35, the selectivity of a 
superheterodyne receiver is determined pri- 
marily by the IF circuits. Since the receiver 
does not depend exclusively on the input cir- 
cuit for selectivity, the Q of the input circuit 
need only be high enough to provide good image 
rejection. Figure 32-5 illustrates the relation- 
ship of the image frequency to the response 
curve of the tuned input circuit (for a specific 
value of fo). The curve is arbitrarily chosen, 
its shape is representative of the curve for tuned 
circuits used in RF amplifiers. Figure 32-5 
shows that (providing the Q of the input circuit 





Figure 32-5 - Image frequency and input 
circuit response curve. 


77 
is sufficiently high and the amplitude of the fo 
is not many times smaller than the image fre- 
quency amplitude) the possibility of the image 
frequency receiving enough amplification to pass 
through the receiver is very small. 


Q4. Would the image frequency be closer to 
the fo in a receiver employing a 262 kc IF or 
one employing a 455 kc IF? 


Q5. To prevent image frequency reception, 
would the selectivity of the input circuit have to 
be better in a receiver employing a 465 ke IF or 
in one with a 175 ke IF? 


BANDWIDTH CHARACTERISTICS 


The main reasons why an RF amplifier, or 
preselector, is used in a receiver is to provide: 


Amplification. 

Isolation. 

Image rejection, or increased selectivity, 
Improved signal to noise ratio (to be dis- 
cussed). 


awn 


Amplification and isolation are provided by 
the action of the transistor used in the pre- 
selector. On the other hand, selectivity and 
image rejection (and to a certain extent, signal- 
to-noise ratio) are mainly a function of the 
bandwidth of the stage. The bandwidth is de- 
termined primarily by the tuned circuits and 
coupling networks of the stage. The trainee 
desiring to refresh his memory on the effect of 
Q on bandwidth and selectivity is directed to 
review sections 11-47, 11-48, 12-17, and 12-18. 


32-5. RF Amplifiers in Cascade 

In Some cases a single stage of RF amplifi- 
cation is insufficient to provide the required 
signal input to the mixer stage. Under these 
conditions two or more RF stages may be con- 
nected in cascade. When RF circuits (trans- 
former coupled) are connected in cascade, the 
resultant bandwidth is smaller than that of a 
single stage. The reason for this can be ex- 
plained in the following manner: In order to 
simplify the explanation, the amplifiers asso- 
ciated with the RF stages will be assumed to 
have an amplification factor of unity, Figure 
32-6 is a block diagram of two cascaded RF 
stages. Notice, while there are only two am- 
plifiers, three tuned circuits are employed 
The capacitors of the tuned circuits are ganged 
to permit adjustment of the three circuits to the 
same resonant frequency. Further assumptions 
to be made in this discussion are: the three 
tuned circuits have identical Q's, and there is 
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A2. fBco equals 1 Mc. 


A3. CE. The ratio of outputto input impedance 
is smaller for the CE configuration. 


A4. Image frequency would be closer to fg in 
the receiver with the 262 kc IF. 


AS. Better selectivity would be required in the 
receiver with the 175 kc IF. 





Figure 32-6 - Block diagram of cascaded RF 
amplifiers. 


no resonant voltage rise in the secondaries of 
the transformers T], T2, and T3. 

Three frequencies of equal amplitude are 
applied to the input of the two stages; the reso- 
nant frequency fg and two frequencies, fy and 
fx, equidistant above and below the resonant 
frequency, 

The response curve for each INDIVIDUAL 
stage will be identical, and will appear similar 
to the curve in Figure 32-5. However, the 
OVERALL response curve of the three circuits 
will differ from the individual curves. 

Figure 32-7 shows the overall response 
curves produced by cascading tuned circuits. 

Curve l represents the response curve ofthe 
first tuned circuit. Curve 2 is the OVERALL 
response curve of the first RF amplifier stage 
{including the first and second tuned circuit). 
Curve 3 is the OVERALL response curve of the 
two RF amplifiers in cascade (including the 
three tuned circuits). 

The maximum voltage is developed across 
the tuned circuits atthe resonant frequency, and 
is taken as a 100% for purposes of references. 
The frequencies, fy and fy, coincide with the 
half-power points of the first tuned circuit. 

Ifthe maximum voltage developed across the 
first tuned circuit is 10 volts, the voltage de- 
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Figure 32-7 - Response curves for cascaded- 
tuned circuits. 


veloped by fy and fx at the half-power points will 
be equal to: 


0.707 x 10 = 7.07 volts 


The bandwidth of the first tuned circuit is 
shown as BW) in Figure 32-7. 

The three frequencies (fo, fy, f%) would 
normally be amplified by the first RF amplifier 
and applied to the output tank, which is the sec- 
ond tuned circuit; but in this explanation they 
are passed through the amplifier with no am- 
plification 

Since the tuned circuits are identical the 
resonant frequency will develop 10 volts across 
the second tuned circuit also: 


100% x 10 volts = 1 x 10 = 10 volts 


The frequencies fy and fy (whose amplitude 
was reduced to 7.07 volts by the Ist tuned cir- 
cuit) now appear at the half-power points of the 
2nd tuned circuit. Thus, the voltage developed 
by fy and fx across the 2nd tuned circuit will be: 


0.707 x 7.07 = 5 volts 


The overall response curve (curve 2, Figure 
32-7) for the Ist and 2nd tuned circuits in cas- 
cade shows the gain at fy and {, to be down to 
50% of maximum. The separation between the 
half-power points of curve 2 is less than for 
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curve I. It can be seen thatthe bandwidth (BWa) 
for two tuned circuits is less than for a single 
tuned circuit, 

The three frequencies are passed through the 
2nd RF amplifier and applied to the 3rd tuned 
circuit. The original amplitude of fo is unchang- 
ed, and will develop 10 volts across the 3rd 
tuned circuit. On the other hand, the amplitude 
of fy and fx has been reduced to 5 volts by the 
2nd tuned circuit. Since fy and fx appear at the 
half-power point of the individual response curve 
forthe 3rd tuned circuit they will developa volt- 
age across this circuit of: 


0.707 x 5 = 3.54 volts 


Curve 3 (Figure 32-7) indicates that passing 
fy and fy through three tuned circuits has atten- 
uated their amplitudes until they are now only 
35.4% of the maximum value. The 70.7% points 
of curve 3 have moved even closer to fg making 
the bandwidth (BW) still smaller. It can be seen 
from the preceding explanation that with the 
addition ofeach stage containing a tuned circuit, 
the bandwidth will decrease, The above also 
explains the necessity of having the bandwidth 
of each individual circuit larger than the re- 
quired overall bandwidth ofthe receiver. Figure 
32-7 also indicates that the addition of stages 
containing tuned circuits has increased the slope 
ofthe overall response curve; thereby, increas- 
ing the selectivity of the receiver. 


Q6. In what manner is the fidelity (ability of 
a receiver to reproduce all of the sideband fre- 
quencies associated with the original signal) 
of a receiver affected by the addition of too many 
tuned stages? 


32 Noise 

Tt has been stated the sensitivity rating of a 
receiver indicates the minimum signal required 
to produce a specified output. However, various 
types of noise will be present inthe receiver 
input along with the desired signal. Since noise 
voltages will be amplified in the same manner 
as the desired signal, the ratio of the noise volt- 
age will be the limiting factor on the maximum 
receiver sensitivity. 

There are two kinds of noise which must be 
considered in the operation of a receiver. They 
are: noise which is generated externally to the 
receiver, and noise which is generated within 
the receiver itself. 

External noise may be classified in two gen- 
eral categories, natural and man-made. The 
most common natural noise is static, caused by 
electrical discharges and electrical storms. 
Man-made noise is the result of any device 
which produces an electrical arc, such as an 
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internal combustion engine, neon signs, elec- 
tric motors, etc. 

Internal noise may also be classified in two 
general categories. The first category consists 
of THERMAL NOISE, and DIFFUSION RECOM- 
BINATION NOISE (sometimes called SHOT 
NOISE). The second category consists of SUR- 
FACE NOISE and LEAKAGE NOISE. The two 
noises inthe second category are usually grouped 
under the common heading of SEMICONDUCTOR 
NOISE. Internal noise sources willbe discussed 
further in the topic on transistor noises (32-8). 

Noise is the limiting factor for receiver 
sensitivity because intelligible reproduction of 
the signal is no longer possible when the signal 
strengthdecreases tothe point where it becomes 
equal to the noise voltage (external plus internal 
noise). 


32-7. Signal-to-Noise Ratio 

Noise voltages having the same frequencies 
as the desired signal will receive a proportionate 
amount of amplification. Thus, the amplitude 
of the voltage induced in the antenna must be 
sufficiently large in relation to the amplitude of 
the noise voltages to overshadow their effects. 
The ratio of the desired signal amplitude to the 
noise voltage amplitude is known asthe SIGNAL- 
TO-NOISE RATIO. The effect of noise voltages, 
whose frequencies do not lie within the band- 
width of the desired signal, can be minimized 
by decreasing the bandwidth (increase select- 
ivity) of the input circuits as much as possible 
WITHOUT decreasing the overall bandwidth be- 
low the required amount. Therefore, decreas- 
ing the bandwidth results in an increased sig- 
nal-to-noise ratio. 


32-8. Transistor Noises 

Internal noise need only be considered when 
the magnitude of the signal voltage is of the 
same order. Internally generated noise is 
always present; however, when the magnitude of 
the signal voltage is many times larger than the 
noise voltage, the noise may be neglected. Be- 
cause of this, internal noise is only important 
in the input circuits of a receiver, Due to the 
complexities involved in the study of noise 
generation within the transistor, only the gen- 
eral types and their effects will be discussed in 
this topic. 

The main difference in the concept of noise 
voltages and currents in relation to the normal 
concept of voltages and currents is that noise 
is completely erratic and unpredictable. When 
a situation such as this exists, it is described 
as RANDOM. One important term used in the 
description of noise effects is "POWER SPEC- 
TRUM". The term "power spectrum" refers 
to the amount of power in a narrow band of fre- 
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A6. The addition of too many tuned stages may 
increase the selectivity to the point where 
the bandwidth is no longer wide enough to 
accomodate all of the sideband frequencies, 
resulting in the distortion of the signal 








quencies and the variation of this power as the 
narrow band of frequencies is varied over a 
whole range of frequencies. 

In this discussion there are two types of 
power spectrums that will be considered. The 
first is a''flat' power spectrum. In a flat power 
spectrum the amount of power in the narrow band 
of frequencies does not change as it is varied 
from one end of a frequency range to the other. 
The second type is a power spectrum that 
varies with frequency. In this type, the power 
in the narrow band of frequencies varies in- 
versely with frequency (1/f). 

The most basic type of noise in transistors, 
and associated circuitry, is noise produced by 
the random motion of current carriers. This 
random motion of current carriers occurs with- 
in all parts of the circuit—the transistor as well 
as every conductor, resistive component, etc. 
Random carrier motion is caused by thermal 
agitation; therefore, the resulting noise is 
called thermal noise. Thermal agitation also 
causes a continual random generation of elec- 
tron-hole pairs (within the semiconductor 
material only) which is accompanied by a con- 
tinual random recombination of free electrons 
and holes. The noise generated by the random 
recombination and collisions of mobile carriers 
with fixed atoms, is called diffusion recombina- 
tion noise, Both thermal noise and diffusion 
recombination noise exhibit a flat power spec- 
trum. In general, noises with a flat power 
spectrum are termed WHITE NOISE. 

The explanation of the physical causes of 
surface noise and leakage noise are rather in- 
volved and no attempt will be made to describe 
them here. These noises, however, are peculiar 
to semiconductors and so their effects are of 
interest in the study of transistor circuits, Semi- 
conductor noise exhibits a power spectrum that 
varies inversely with frequency, for this reason 
it is sometimes calledl/f noise 

A plot of noise power versus frequency for 
atypical junction transistor shows the frequency 
range as being separated into two regions. At 
low frequencies there is a region where the cir- 
cuit noise is caused by semiconductor noise. As 
frequency is increased the 1/f noise decreases 
and eventually a point is reached where the 1/f 
noise becomes less than the white noise. For a 
typical junction transistor this crossover point 
usually occurs somewhere inthe audio frequency 
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Figure 32-8 - Transistor noise power versus 
frequency. 





range (Ike to 10 kc). From the crossover 
point to a point beyond the alpha cut-off fre- 
quency, the circuit noise is caused by white 
noise. Therefore, it remains relatively constant 
Atfrequencies beyond the alpha cut-off of the 
transistor the circuit noise begins to increase 
due to the reduction in circuit gain 

Figure 32-8 shows a plot of noise power 
versus frequency and the important noise re- 
gions 

In a well designed circuit, with a reasonably 
good transistor, the internal noise will bea very 
small portion of the total noise. Thus, the ex- 
ternal noise, arriving with the signal, will be 
the determining factor in the signal-to-noise 
ratio. 


Q7. In what manner does decreasing the band- 
width increase the signal-to-noise ratio? 


Q8. What type of noise is predominantin a cir- 
cuit if the noise power within the bandwidth 
varies as the operating frequency is changed? 


32-9. Two Stage RF Amplifier 

Figure 32-9 illustrates the schematic of a 
two stage RF amplifier connected in cascade. 
Ganged capacitive tuning is used in the tuned 
circuits to select the resonant frequency. The 
common emitter configuration is used in order 
to take advantage of the greater power gain and 
the simpler biasing arrangements. Biasing for 
the operating point of Q) and Q2 is determined 
by the voltage divider method, using R1, R2. 
R7, and Rg. Emitter bias and temperature 
stabilization for the two transistors are pro- 
vided by R3 and Rg. Cg and Cg prevent degen- 
eration across the stabilizing resistors. Cy4 
and C15 are neutralizing capacitors. Rg and 
R10 determine the amount of collector voltage 
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Figure 32-9 - Two stage RF amplifier. 


for Qy and Q2 respectively. Capacitors Cz, C3, 
C5, Cy, and Cy bypass the RF currents around 
the biasing networks and the power supply. 


TUNING 


It has already been pointed out that one of 
the prime functions of the first tuned RF cir- 
cuit, in a receiver, is that of selecting the de- 
sired signal frequency from among the many 
frequencies available. The process of adjust- 
ing the inductance (L) or the capacitance (C) of 
a tuned circuit in order to selecta specific sta- 
tion frequency is called TUNING. 


32-10. LC Product 

The resonant frequency of a tuned circuit is 
determined by the product of the capacitance and 
inductance, called the LC PRODUCT. For every 
single resonant frequency there is gle value 
of the LC product, If two resonant circuits have 
the same resonant frequency they must have the 
same LC product. 

The LC product fora given frequency may be 
determined by use of equation (32-2). 





(32-2) 





Where: LC = the product of inductance in 
henries and capacitance in farads 


W= 20f 


NOTE: Equation (32-2) results from transpo- 
sition of equation (11-16). 


1 
27VLC 


fo = (11-16) 





For a station frequency of 540 kc the LC pro- 
duct will be: 


LC = ahs (32-2) 





1 


Lc = ———_——_..| 
(6.28 x 540 x 103)2 


LC = 0,0871 x 107 !2 


Knowing the LC product and the value of 
either the inductance or capacitance will permit 
the determination of the value of the unknown 
component. For instance, assume the induct- 
ance used in the tuned input circuit is approx- 
imately 256 micro-henries. In order to find 
the value of capacitance which must be used to 
make the circuit resonant at 540 ke, divide the 
inductance into the LC product: 


Le 
L 


c= 


0871 x 107!2 
256 x 10-8 





C = 340 pf 


Areceiver may be tuned by varying either the 
inductive or the capacitive component of the 
tuned circuit. Assuming that the inductance is 
a fixed value, then the capacitance must be 
varied in order to tune the receiver across the 
broadcast band. It has already been determined 
that, in order to tune the receiver to the lowest 
frequency in the receiver's range, the variable 
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A7. Noise outside the bandwidth receives less 
amplification while the amplification at the 
signal frequency is maintained the same. 


A8. Semiconductor noise. 





tuning capacitor must equal 340 pf at one of its 
limits. The other limit of the variable capac- 
itor may be found by determining the LC product 
forthe highest frequency in the receiver's range 
and dividing by the inductance, as follows: 


High frequency is approximately 1600 ke. Thus: 


(32-2) 





Lc 


* (6.28 x 16 x 105)2 


1 


pee 
10100 x 1010 


LC = 0.00992 x 10712 


Determine capacitance by dividing the induct- 
ance into the LC product: 


C= 


oS 


¢ = 2290992 x 1071? 
256 x 10 





C = 38.7 pf 


From the above it can be seen that the first 
tuned circuit of a radio receiver, designed to 
cover the broadcast band, could be constructed 
using a 256 microhenry coil and a variable ca- 
pacitor having a range of 38.7 pf to 340 pf. A 
practical tuning capacitor would probably range 
from 30 to 350 pf. 

As shown previously, a receiver has more 
than one tuned circuit. If all the tuned circuits 
are tuned by varying the capacitance, then an 
air dielectric variable capacitor having two or 
more sections isused. All sections are mechan- 
ically connected to the same shaft, but electri- 
cally isolated from each other. Each section is 
used fora separate tuned circuit. When the shaft 
is moved, the capacitance of all tuned circuits 
will vary by the same amount. Figure 32-10 
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Figure 32-10 - Ganged air dielectric variable 
capacitor. 


illustrates a ganged air dielectric variable ca- 
pacitor. 

In circuits that are tuned inductively, the 
cores of the inductors are mechanically con- 
nected together to permit changing the inductance 
of all tuned circuits simultaneously. 


Q9. What is meant by "tuning" a receiver? 


Q10. The LC product of atuned circuit is 0.045 
times 10-12, The variable capacitoris adjusted 
to 150 pf. What is the value of the fixed induct- 
ance used in the circuit? 





32-11, Trimmers and Padders 

It was stated that a ganged variable capacitor 
will vary the capacitance of all the tuned cir- 
cuits an equal amount. However, due to slight 
mechanical differences (manufacturing toler- 
ances) in the capacitors, coils, and variations in 
wiring from one receiver to another, there will 
be minor variations in electrical adjustment 
between individual sections. In order to obtain 
maximum performance all tuning circuits must 
"track" together. Tracking means that the 
resonant frequency for each tuning circuit will 
be the same for all positions of the tuning shaft. 
To compensate for differences in capacitance, 
between the ganged sections, TRIMMER capac- 
itors and PADDER capacitors are used. 

Trimmers and padders are small variable 
capacitors consisting oftwo plates separated by 
a sheet of mica. The trimmer is connected in 
parallel with the tuning capacitor and the padder 
is connected in series with it. Figure 32-11 il- 
lustrates the connection ofatrimmer and padder 
capacitor. At the high frequency end of the tun- 
ing range, the tuning capacitor is set for MINI- 
MUM capacitance. The parallel trimmer has 
about the same order of magnitude as this mini- 
mum value, and its adjustment determines the 
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TUNING 
CAPACITOR 


PADDER CAPACITOR 





Figure 32-11 - Trimmer and padder 
connections 


proper resonant frequency atthe high end of the 
frequency range. 

At the low frequency end of the tuning range, 
the tuning capacitor is set near maximum ca- 
pacitance, and therefore the small parallel 
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trimmer is negligible in comparison with it 
However, the series padder is comparable in 
magnitude to the value of the main tuning capac- 
itor, and adjustment of the padder will affect the 
resonant frequency at the low end of the tuning 
range. Since the total capacitance of two series 
capacitors is influenced chiefly by the smaller 
of the two, the effect of the series padder on the 
total tuning capacitance at the high end of the 
tuning range is negligible. By proper adjustment 
of the trimmer and padder capacitors resonable 
tracking accuracy can be obtained throughout the 
frequency range. 


QI1. How is a trimmer capacitor connected in 
a circuit? 


Qi2. How is a padder capacitor connected ina 
circuit? 
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A9. Varying either the capacitance or induct- 
ance of a tuned circuit in order to select 
a specific station frequency. 
A10. 300 microhenries. 
All. In parallel with the tuning capacitor. 
Al2, In series with the tuning capacitor. 
EXERCISE 32 
1. What is the purpose of the RF amplifier? 8. What is meant by receiver sensitivity? 
2. Whatis the function of the first tuned circuit? 9. Explain how receiver selectivity effects 
3. Explain why the common-emitter config- fidelity. 
uration is desired asan RF amplifier in the 10. Define the term bandwidth 
broadcast band. 11. Explain how the cascading oftuned RF am- 
4. If atransistor has abeta of 100, what is its plifiers effects overall bandwidth. Why? 
alpha? 12. What are some advantages of cascaded 
5. Why is neutralization of the CE more dif- RF amplifiers as compared to a single 
ficult than the CBat frequencies approach- stage? 
ing alpha cut-off frequency? 13, What is meant by tracking? 
6. Explain the two broad categories of receiver 14, At which end of the band is the trimmer 
noise. capacitor adjusted. Explain why 
7. Explain the two general categories of noise 15. At which end of the band is the padder 


generated by a transistor. 


capacitor adjusted? Explain why. 


CHAPTER 33 
TRANSISTOR OSCILLATORS 


The rapid alternating motion (oscillation) of 
electrons in a conductor results in radiation 
of electromagnetic waves, and this phenomenon 
forms the basis of all radio communication, 
The term oscillate is defined as "to swing or 
move back and forth." An OSCILLATOR is de- 
fined as ''a device which oscillates or produces 
oscillations." The purpose of an electronic 
oscillator is to produce the rapid back and forth, 
or alternating, motions of electrons (called 
alternating current) froma direct current supply. 

Previous chapters have discussed the elec- 
tron tube oscillators and their role in relation 
to transmitter operation, The purpose of this 
chapter is to discuss transistor oscillators and 
their relation to the operation of receivers. 
Although different in overall appearance and 
operation, many of the fundamental actions of 
a specific type of transistor oscillator are simi- 
lar to those of its electron tube counterpart. 
Therefore, where applicable, the actions of 
comparable types of transistor andelectrontube 
oscillators will be compared, 

The configurations and theory of operation of 
the transistor Hartley and Colpitts type oscil- 
lators will be discussed, The various transistor 
configurations and their characteristics will be 
discussed in relation to oscillator operation, 
The factors affecting frequency and amplitude 
stability of transistor oscillators will be men- 
tioned, Finally, factors involved in local oscil- 
lator tuning and methods of coupling output 
signals from transistor oscillators will be con- 
sidered, 

Many of the fundamental actions, pertaining 
to oscillators, referred to in this chapter will 
be based on information contained in chapter 24, 
Therefore, only brief reviews of pertinent in- 
formation previously covered will be included in 
this chapter, The trainee desiring to refresh 
his memory on vague points is directed to re- 
view the applicable areas of chapter 24, 


33-1, Receiver Oscillator 

The oscillator in a receiver is usually re- 
ferred to as a LOCAL OSCILLATOR. The block 
diagram of a superhet receiver (chapter 32) 
shows that the output of the local oscillator is 
one of the inputs applied to the mixer stage. 

In a typical superheterodyne receiver the 
local oscillator (LO) generates a sine-wave of 





constant amplitude and frequency (when tuned to 
a specific station), The sine wave output signal 
from the local oscillator and the modulated radio 
frequency output signal from the RF amplifier 
are both applied to the mixer stage. In the 
mixer stage, heterodyning occurs between the 
oscillator signal and the output signal from the 
RF amplifier. As a result of this heterodyne 
action, a new and lower intermediate frequency 
(IF) is generated. 

It was shown that a basic oscillator can be 
broken down into three main sections: a fre- 
quency determining device, an amplifier, anda 
feedback circuit, The frequency determining 
device in a superheterodyne receiver oscillator 
is usually an LC tank circuit. While the tank 
circuit is NORMALLY found in the input cir- 
cuit of the oscillator (both electron tube and 
transistor) it should not be considered out of 
the ordinary if it appears in the output circuit 
of a transistor oscillator, The differences in 
magnitude of plate and collector currents and 
shunting impedances are partly responsible for 
this. In both types of circuits (solid state and 
electron tube) oscillations take place in the tuned 
circuit, Both the electron tube and the trans- 
istor function primarily as an electrical valve 
that amplifies, and automatically delivers to the 
input circuit the proper amount of energy to 
sustain oscillations. In both tube and trans- 
istor oscillators the feedback circuit couples 
energy of the proper amount and phase from the 
output to the input circuit in order to sustain 
oscillations. 


SERIES-FED HARTLEY OSCILLATOR 


33-2, Review of Electron Tube Hartley Oscillator 

Before entering into a discussion of the 
transistor Hartley a brief review of the electron 
tube series-fed Hartley, shown in Figure 33-1, 
will prove advantageous, 

Capacitor Cz and the radio frequency choke 
(RFC) provide decoupling between the oscillator 
and the power supply. Although not required for 
operation of the oscillator itself Cz and RFC 
improve the stability of the oscillator by mini- 
mizing variations in plate voltage and current. 
In this respect they act much the same as the 
' type filter discussed inthe chapter on power 
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Figure 33-1 - Electron tube series-fed Hartley. 


supplies. Any tendency for the plate voltage 
to change as a result of variations in the plate 
current will be suppressed, The choke offers 
a high resistance to changes in current, and the 
capacitor presents a low reactance to changes 
in plate voltage. When properly designed, the 
decoupling network greatly minimizes the effect 
of plate voltage and power supply current changes 
on the operation of the oscillator, 

A close examination of Figure 33-1 shows 
that both the direct and alternating components 
of plate current flow through Ly, Since the dc 
plate current flows througha portion of the tank 
circuit the oscillator is series-fed, 

Capacitor Cj in conjunction with grid resis - 
tor Rg provides grid leak bias, the value of 
which determines the operating point of the tube, 
The tank components are Ly, Lz, and Cy. 

Consider that the filaments of V) (Figure 
33-1) are at operating temperature but switch 
S| is open, When Sj) is closed the following 
events occur. 


1, The tube has no initial bias, therefore, 
the tube will begin to conduct causing 
current flow from ground, through Li, 
through Vj, through RFC, and back to 
the power supply, At the same time ca- 
pacitor Cz is assuming a charge with a 
negative potential on the bottom plate and 
positive on the top plate. 


2, The current flow through the feedback 
component L induces a voltage in L, 
‘The induced voltage in Lz causes a cir- 
culating current to flow in the tank which 
begins to charge tank capacitor Cy with a 
negative potential on the bottom plate and 
positive on the top plate. 


3, The voltage across the tank is essentially 
the charge across Cy. Therefore, grid 
current will be drawn to charge capacitor 
C)as the top of the tank assumes a positive 
potential. 


4, The regenerative cycle of increasing grid 
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voltage causing increased plate current will 
continue until limited by the non-linear 
characteristics of the tube, 


5, Asthe rate of change of current through Ly 
decreases the induced voltage of Lz de- 
creases. When the value of induced voltage 
falls below the value of charge on capacitor 
Cr, the tank capacitor will begin dis- 
charging. 


6. The reduction of magnitude of the positive 
potential at the top of the tank will cause 
capacitor C) toattemptto discharge through 
the large value of grid resistor Rg, Thus, 
applying a negative potential to the grid of 
Vv). 


7. At the time when Cp is completely dis- 
charged circulating tank current will be 
maximum and the tank voltage will have 
completedahalfcycle of operation, The 
magnetic fields of Ly and L2 will now col- 
lapse, maintaining tank current flow inthe 
same direction and subsequently charging 
CT with the opposite polarity (negative on 
the top plate and positive on the bottom 
plate). 


8. At the instant the magnetic fields are com- 
pletely collapsed the tank current will be 
zero and the voltage across Cy will be 
maximum, The tank circuit has now com- 
pleted three fourths of a cycle. 


9. Tank capacitor Cy will begin discharging, 
causing tank current to reverse direction, 
The discharge of Cy will establish a mag- 
netic field around Lz and Ly. When Cr is 
completely discharged, tank voltage will be 
zero, anentire cycle of oscillator operation 
has been completed, and the circuit is ready 
to begin the next cycle, 


Ql, I C2 in Figure 33-1 were to become open 
would the series-fed Hartley cease to operate ? 


33-3. Series-fed Transistor Hartley Oscillator 





The circuit in Figure 33-2 shows a serie 
fed Hartley oscillator using an NPN type tran- 
sistor. Notice that in many respects the trans- 
istor circuit is similar to the electron tube 
circuit, In fact, with minor limitations the tran- 
sistor oscillator compares very favorably with 
its electron tube counterpart, 

Like the vacuum tube oscillator, the trans- 
istor oscillator can be operated class A, B, or 
C. Where stability and pureness of waveform 
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Figure 33-2 - Transistor Hartley oscillator. 


(low harmonic content) are major consider- 
ations, the oscillator would be operated class 
A, If efficiency is the primary concern, class 
C operation is chosen, Inasmuch as the local 
oscillator in a radio receiver is not required to 
supply a large amount of power to the mixer, 
efficiency is of minor importance, 

The purpose of the component parts of a 
transistor oscillator should become some- 
what apparent upon examination of the sche- 
matic diagram in Figure 33-2, The sine wave 
is generated in the tank circuit consisting of Ct, 
L, and Lz. Ct is made variable so that the 
oscillator canbe tuned to the desired frequency. 
The RFC and capacitor C2 are for the purpose 
of decoupling. To prevent thermal runaway 
resistor Rg is connected in series with the 
emitter. Degeneration, which would other- 
wise occur, is minimized by connecting capacitor 
Cx in parallel with stabilizing resistor Rg. 

In order for oscillations to begin, a small 
amount of initial forward bias must be applied 
to the emitter-base junction, This bias es- 
tablishes a flow of current through the transistor 
when the circuit is first energized, and insures 
that the oscillator will be self-starting. 

The magnitude of the bias current for the 
circuit in Figure 33-2 is determined by the 
values of Rp, emitter-to-base resistance, Re, 
Voc) and tosome extent the small de resistance 
contained in Ly) and RFC. The choice of values 
used for Rp and Rg represents a compromise. 
This compromise arises in the following manner, 


Obtaining a high Q tank circuit in an electron 
tube oscillator is not too difficult because there 
is very little shunting of the tank by parallel 
components (Rg, etc., are rather large values). 
On the other hand, the components shunting the 
tank circuit in a transistor oscillator are com- 
paritively low in value. At the operating fre- 
quency capacitors C,, Cz, and Cp have very 
low reactances, effectively making them short 
circuits for ac. Consider the circuit in Figure 
33-2, The low reactance of C) effectively con- 
nects one end of Rg to the top of the tank while 
the low reactance of C2 effectively connects the 
other end of Rg to the bottom of the tank (with 
respect toac). Therefore, if too small a value 
is chosen for Rg it will swamp the tank circuit, 
lowering the Q to the point where oscillations 
cannot be sustained, If, on the other hand, Rp 
is made very large to reduce its shunting effect, 
insufficient bias may result, 

Consider also that the low reactance of C) 
effectively connects the base of Q) to the top of 
the tank and the low reactance of Cp effectively 
connects the emitter to the tap on the tank coil. 
This causes the relatively low input impedance 
of the transistor to shunt a portion of the tank 
circuit. From this it becomes apparent that, 
while Cj is necessary to prevent the low de re- 
sistance of Lg from placing a de short across 
the series combination of the emitter-base 
junction and the stabilizing resistor, C, must 
also have sufficient reactance to provide a de- 
gree of ac isolation between the tank circuit and 
the shunting effects of Rp and the low input im- 
pedance of Q). 

Due to the large variation incomponent values, 
from one comparable circuit to another, no 
attempt will be made to assign typical values to 
the components in the transistor oscillators, 
Although different values of a given component 
(within allowable limits) willalter its operation 
to a certain extent, the basic actionof individual 
components in comparable circuits will remain 
relatively unchanged. 

Acomplete cycle of operation for the series- 
fed Hartley transistor oscillator (Figure 33-2) 
will now be discussed in the following sections, 


Q2. Starting at the negative terminal of Vcc give 
the path of bias current in Figure 33-2, 


33-4, Voltage Distribution 


‘At the instant switch S) is closed all the ca- 
pacitors in the circuit, having no charge, are 
effectively short circuits, Thus, a surge of 
displacement current ATTEMPTS to flow, This 
attempted surge of current is minimized by the 
self inductive action of the radiofrequency choke 
(RFC). Due to the different values of resistance 
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Al. No, The series-fed Hartley obtains its 
feedback by the flow of plate current through 
the portion of the tank coil labeled Ly). 
Opening Cz would permit plate voltage vari- 
ations to effect oscillator stability. 


A2, Through Li, Rg, emitter-base junction, 
RB, REC, and back to the positive ter- 
minal of Vcc. 





Figure 33-3 - DC voltage distribution. 


present in the individual capacitors charge paths 
each capacitor will have a different value of 
time constant. However, after a few cycles of 
operationall of the capacitors will have acquired 
an average, or dc, value of charge. Also, the 
resistive components of the circuit will exhibit 
voltage drops caused by de biasing currents. 
The distribution and polarities of these dc volt- 
age drops is shown in Figure 33-3, Repre- 
sentitive values of voltage have been assigned 
merely to give the reader an approximation of 
relative magnitudes. 

For this explanation the resistance of the 
coils Ly, L2, and RFC will be considered to 
small to give a measurable de voltage drop, 
although, in actuallitya very small voltage drop 
will exist across each one. 

Notice that Cz charges to the value of the 
supply voltage. While actually very complex, 
the circuit can be simplified by being thought of 
as essentially two main branches in parallel 


with the 6 volts across Cz, The first branch 
consisting basically of transistor Q's collector- 
to-emitter resistance (ro) and the stabilizing re- 
sistor Rg. The feedback coil Ly is in series 
with this branch but since it is considered a dc 
short (a direct connection with very low resis- 
tance) it effectively connects the bottom of the 
stabilizing resistor to dc ground potential, Notice 
that the sum of the voltage drops Vcp and the 
stabilizing network VRE equal 6 volts. The 
second branch primarily consists of the base 
biasing resistor Rp and the isolation capacitor 
Cj. Since coils Ly and Lz are considered to be 
dc shorts they effectively connect one end of Cy 
to the de ground potential, Since capacitor C) 
is in parallel with the stabilizing network and the 
base-to-emitter junction it will charge tothe sum 
of the voltage drops Var and VRg, or 3 volts. 
An important point to note is that the tank ca- 
pacitor (C7) accumulates no measurable average 
charge because it is shunted by the low resistance 
of the tank coil, The voltage drop Vp is of such 
a polarity as to apply forward bias to the trans- 
istor. 





Q3. Give the main discharge path of capacitor 
Cg (Figure 33-3) and the purpose of this dis- 
charge. 





Positive Alternation of Tank Voltage 

Previous chapters have explained the pro- 
duction of an alternating voltage by a tank cir- 
cuit and the internal transfer of energy between 
the tank coil and the tank capacitor. The action 
of the tank circuit inthe various transistor oscil- 
lators remains the same. Therefore, only the 
method of replacing dissipated energy in order 
to sustain oscillations will be mentioned. 

As the top of the tank, in Figure 33-3 assumes 
a positive potential this potential is coupled to 
the base of Q) by capacitor C,, The positive 
potential on the base results in an increase of 
the forward bias of Q). The increasing forward 
bias causes collector current to increase. An 
increase in collector current means an increase 
in the emitter current flowing through the feed- 
back winding (L) of the tank coil, Increased 
current flow through L, will result in more 
energy being supplied to the tank circuit, which, 
in turn, will increase the positive potential at 
the top of the tank and, hence, the forward bias. 

This regenerative action will continue until 
such time as the combined actions of transistor 
non-linearity, the effect of Ry, and the dc re- 
sistance of Ly and the power supply cause the 
rate of change of current through Lj todecrease. 
As the rate of change of current through L} de- 
creases less energy is supplied to the tank cir- 
cuit and, through normal tankaction, the positive 
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potential at the top of the tank circuit begins to 
decrease, This causes a decrease in the for- 
ward bias which, in turn, causes the collector 
and emitter currents to decrease. 

At the instant the potential of the tank circuit 
has decreased to zero the energy of the tank is 
contained in the magnetic field of the coil, the 
dc voltage conditions willagainbe as depicted in 
Figure 33-3, the tank voltage will have com- 
pleted its positive alternation, and the oscillator 
will have completed a half cycle of operation. 


Q4, In which component of the tank circuit is 
the energy "stored" when the tank voltage is 
at its positive peak? 


33-6. Negative Alternation of Tank Voltage 


Due to the charging of the tank capacitor 
inthe opposite direction, by the collapsing mag- 
netic field of the coil, the top of the tank cir- 
cuit will begin to assume a negative potential 
as the oscillator starts on its second half cycle 
of operation, This negative potential will be 
coupled to the base of Q) by capacitor C) where 
it will oppose the forward bias of the transistor. 
Most transistor oscillators are operated class 
A in order to limit the effect of varying para- 
meters onthe stability of the oscillator, There- 
fore, the value of tank potential coupled to the 
base, in opposition to the forward bias, will 
rarely be great enough to cause reverse biasing 
of the input junction, For instance, in the case 
of the values established in Figure 33-3the peak 
value of the tank signal will not be greater than 
0,2 volt, Thus, on the negative half cycle, with 
a 0,2volt peak signal and class A operation, the 
potential coupled to the base from the tank will 
just cancel the 0,2 volt of forward bias of the 
transistor, Of coarse, as the negative going 
tank signa] decreases the forward bias, the col- 
lector and emitter currents will decrease, 

When the tank signal reaches its maximum 
negative value the collector andemitter currents 
will be minimum, the magnetic field of the coil 
will have completely collapsed, and the oscil- 
lator will have completed three fourths ofa cycle 
of operation, 

At this point the tank capacitor will begin to 
discharge, thereby, decreasing the negative po- 
tential on the top of the tank, As the negative 
potential coupled to the base decreases the op- 
position to forward bias will decrease, This 
will, in effect, cause the forward bias to begin 
increasing with a resultant increase in emitter 
current flowing through the feedback coil Ly. 
As stated previously, an increase in current 
through Ly will cause additional energy to be fed 
to the tank circuit, thereby, replacing energy 
dissipated within the tank circuit. If the energy 


replacedis equal to, or greater than, the energy 
dissipated, oscillations will be sustained. 

It was previously mentioned that the oper- 
ation of the vacuum tube oscillator circuit (Figure 
33-1) is generally the same as the operation of 
the transistor circuit (Figure 33-2), One im- 
portant difference, however, is the method of 
obtaining bias, Bias for the vacuum tube circuit 
depends on the flow of grid current during the 
positive peaks of the oscillator cycle. The 
amount of bias depends on the values of the grid 
leak components used (Cj and Rg), and the 
amplitude of the input signal. 

In the transistor circuit, bias depends on 
the amount of current flowing through the base- 
to-emitter junction, The value of this bias cur- 
rent is determined by the supply voltage (Voc) 
and the resistance in the bias current path. 
The path of bias current is from the negative 
terminal of Vcc, through Lj, stabilizing re- 
sistor Rp, the base-emitter junction, Rp, RFC, 
and back to the positive terminal of Vcc. The 
radio frequency coil and Ly cause no measur- 
able dc voltage drop. Knowing the value of 
voltage drops across Rp and Rg (caused by the 
bias current) simplifies the determination of 
the bias voltage. The bias voltage (Vg) equals 
the supply voltage (Vcc) minus the sum of the 
other voltage drops. Mathematically: 





VBE = Vcc - (VRpt VRE) 


It is usually desirable to operate the transis - 
tor circuit class A. It should be recalled from 
a previous chapter that parameters vary greatly 
when the transistor is operated on a nonlinear 
portion of the curve. This would tend towards 
oscillator instability. 

Since the amount of parameter variation is 
minimized when the point of operation is on the 
linear portion of the dynamic curve, better oscil- 
lator stability can be achieved by class A opera- 
tion, 


Q5. What would be the effect on oscillator oper- 
ation if the energy replaced in the tank were 
slightly less than the energy dissipated by the 
tanks internal resistance? 


SHUNT-FED HARTLEY OSCILLATOR 


It was previously shown that the main dis- 
advantage of the series-fed Hartley oscillator 
is the fact thata relatively large value of direct 
current flows through the feedback portion of 
the tank coil, This disadvantage can be over- 
come by a variation of the connection of the 
feedback coil as shown in Figure 33-4, When 
connected in this manner the feedback coil is 
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\3, From the negative plate of the capacitor 
through Rp to the positive plate of the 
capacitor, To maintain the voltage across 
Ry as steady as possible. 


\4, The tank capacitor, 


\5, Oscillations would gradually die out. 





solated from the dc component of plate current 
vy capacitor Cz. The oscillator derives its 
iame from the fact that the feedback component 
1) is connected in shunt rather than series 
vith the power supply. 

The operation of the transistor shunt-fed 
jartley is very similar to that of the electron 
ube shunt-fed Hartley. For this reason a brief 
-eview of the electrontube circuit (Figure 33-4) 
vill be givenbefore the explanation of the trans - 
stor version, 





Shunt-Fed Electron Tube Hartle 
Jscillator 

Tt will be assumed that the oscillator has been 
n operation for a period of time and that all ca- 
vacitors have assumed their normal operating 
charges, The functions of the components are 
he same as in section 33-2, It will also be 
issumed that at the instant the explanation be- 
jins the oscillator tube is cut-off by the action 
of grid leak bias, the tank voltage is at the zero 
yoint of its cycle, the energy of the tank is 
itored in the magnetic field of the tank coil, and 
hat the positive alternation is about to begin. 


1, It will be noticed that C2 and Lj (Figure 
33-4) are in parallel with the tube. Since 
virtually no de drop occurs across Lj, Cz 
will be charged to the value of V)!s plate 
voltage, Due to the fact that V) is cut-off 
at this time its plate voltage will be equal 
to Ebb. 


2, The tank coil will now appear as a gener- 
ator, by virtue of its field starting to 
collapse, and cause a clockwise 
circulating current to flow in the tank, The 
circulating tank current will beginto charge 
tank capacitor Cy (with a positive polarity 
at the top of the tank). 


3, As the tank potential becomes increasingly 
positive a point is reached where this po- 
tential will cause the tube to come out of 
cut-off, At this point tube current begins 
to flow. 


4, The surge of plate current causes plate 
voltage to be reduced by the action of the 
radio frequency coil, Since the value of 
plate voltage is now less than the charge 
of Cz, C2 will attempt to force a displace- 
ment current around through Lj and the 
tube in an effort to equalize its charge. 


5, The displacement current through L, will 
cause it to induce a voltage in L2 of such 
a polarity as to aid the circulating current 
which is charging Cy. This is the manner 
in which dissipated energy is replaced in 
the tank circuit. 


6. When the tank capacitor is charged to its 
maximum positive potential the coil field 
will be completely collapsed, and the 
cuit voltage will be at the peak of its posi- 
tive alternation. 


ire 





7, At this point Cy will beginto discharge and 
the positive potential of the tank will begin 
to decrease. Tube current will begin to 
decrease, Plate voltage will increase. 
When the positive tank potential falls below 
the value of charge on C), grid leak bias 
action will apply a negative potential to the 
grid causing the tube to go into a cut-off 
condition, 


8, When the tank potential decreases to zero 
the oscillator will have completed a half 
cycle of operation, Flywheel action of the 
tank (Cy being charged to its maximum 
value, with a negative potential at the top 
of the tank, by the coil field and then dis- 
charging back to zero) will complete the 
negative alternation of the operating cycle 
while the tube remains in a cut-off condi- 
tion, 





Figure 33-4 - Shunt-fed electron tube Hartley. 


Q6. During what part of the cycle of tank volt- 
age does capacitor C) (Figure 33-4) receive 
its charge? 
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Figure 33-5 shows the transistor version of 
the shunt-fed Hartley oscillator. The functions 
of the components are the same as described in 
section 33-3, In addition to providing decoupling 
between the transistor and the power supply, the 
radiofrequency choke (RFC) alsoacts as the col- 
lector load for Q}, The RFC developes the vari- 
ations in collector voltage which are coupled to 
the feedback coil L) by isolation capacitor C2. 
The value of C2 partially determines the ampli- 
tude of the feedback signal. If the value of C2 is 
relatively large its Xc will be low. A low X¢ 
will cause very little of the feedback voltage to 
be droppedacross the capacitor, thus, providing 
more feedback to the tank, A relatively small 
value of Cz will cause a large amount of the 
feedback signal to be dropped across its large 
reactance, thus, reducing the amplitude of the 
feedback signal to the tank. C2 also acts as an 
isolation capacitor to prevent the de component 
from flowing through the feedback coil, 





Figure 33-5 - Transistor shunt-fed Hartley. 


There is a continuous path for de bias cur- 
rent through Rp, the base-emitter junction, 
Rp, and RFC. This allows an operating point 
to be established for class A operation and also 
insures the starting of the oscillator. 

Aside from these slight differences the action 
of the tank circuit and feedback mechanism in 
the transistor shunt-fed Hartley is the same as 
in its electron tube counterpart. 


Q7. If insufficient feedback is developedacross 
Lj, should the value of C2 (Figure 33-5) be in- 
creasedor decreased todevelop more feedback? 


COLPITTS OSCILLATOR 


The Colpitts oscillator is another type of LC 
oscillator (the Hartley and Colpitts are termed 
LC oscillators because the oscillations take 
place in a resonant LC tank), Although the basic 
action of both types of oscillators is the same 
the method of accomplishing feedback (re- 
placing energy in the tank circuit) is different. 
Where the Hartley oscillator uses inductive 
coupling to accomplish feedback the Colpitts 
oscillator uses capacitive coupling to accomplish 
this function, In the Colpitts oscillator the tank 
voltage is divided into two parts by tapping the 
tank capacitor, or rather by connecting two ca- 
pacitors in series, instead of the inductor as in 
the Hartley, The two tank capacitances can be 
paralleled directly with the input and output 
interelement capacitances of the tube or tran- 
sistor, and thereby minimize the effects of these 
capacitances on the tank circuit operation. Be- 
cause of this the Colpitts oscillator exhibits 
slightly better frequency stability than the Hart - 
ly. 


33-9. Electron Tube Colpitts Oscillator 

A detailed discussion of the electron tube 
Colpitts oscillator was given in section 24-23, 
Therefore, onlya brief explanation will be offer- 
ed at this time. Figure 33-6 shows the sche- 
matic of the Colpitts oscillator to be used in the 
following discu: 








Figure 33-6 - Electron tube Colpitts oscillator, 


Notice that the tank circuit is composed of a 
variable tank inductance (Ly) and tank capacitan- 
ces Cj and Cz. The voltage developed across Cz 
is the input signal to the tube and the amount of 
feedback depends onthe ratio between Cz and C). 
For a specific amplitude of signal, the ratio of 
Cz to Cy should remain the same. Since it is 
easier to use fixed capacitors in this application 
the Colpitts oscillator lends itself well to the 
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A6. During the positive alternation when the 
potential at the top of the tank exceeds the 
charge of C). 


AT. Increased, Increasing Cp will decrease its 
reactance, 


a 


ase of permeability tuning (indicated by the arrow 
and dotted core of Lp) in order to adjust the 
frequency of tank circuit oscillation. 

It is assumed for the purpose of explanation 
shat the tube is ready to conduct (filament is hot). 
Upon application of plate voltage, tube current 
and a charging current for Cy, Cz, and C4 will 
begin to flow. One path for charging current is 
ap through Cz, down through Ly, through C4, 
RFC, and back to Vcc. This charging current 
ouilds a small field around LT. 


1, Whenthe rate of change of charging current 
begins todecrease, the field of Ly will be- 
gin to collapse, This will cause a circul- 
ating tank current to begin flowing in a 
counterclockwise direction, The collaps- 
ing field, and the discharge of Cy, in- 
crease the charge of C2 and thereby the 
positive potential on the top of the tank. 


2, The positive tank potential is coupled to 
the grid by C3 and causes plate current to 
increase and plate voltage to decrease. 


3, The decreasing plate voltage causes C4 
to move a displacement current around 
through C, and the tube. This displace- 
ment current aids the circulating tank cur- 
rent in charging Cj with a negative potent- 
ial at the bottom of the tank, This is the 
manner in which the feedback replaces 
dissipated tank energy. 


4. This action will continue until the field 
around Ly has completely collapsed. At 
this point circulating tank current will be 
zero, plate current will stop increasing, 
plate voltage will stop decreasing, and the 
tank voltage will be at the peak of its posi- 
tive alternation. 


5, Capacitors C, and C2 begin to discharge. 


Circulating tank current reverses direction, 
The positive tank voltage begins to de- 
crease causing plate current to decrease 
and plate voltage to increase. C4 starts 
to charge aiding tank circuit action, 


6. This action will continue until the tube is 
cut-off by grid leak action, At this time, 


plate voltage is equal to Epp, Cq is no 
longer charging, and the feedback cycle 
has stopped. Tank oscillation is now 
maintained by the flywheel effect. In other 
words, the field of Ly (built up by the dis- 
charging tank capacitors) collapses and 
charges the capacitors with the opposite 
polarity (negative at the top of the tank). 
The capacitors will, in turn, discharge 
and rebuild the field, The above action 
takes place with the tube in a cut-off con- 
dition, When the field is rebuilt the oscil- 
lator has completed a full cycle of operation 
and is now ready to start its second cycle. 


33-10. Transistor Colpitts Oscillator 


Figure 33-7 illustrates the schematic dia- 
gram of a transistor Colpitts oscillator, Like 
the transistor Hartley, the transistor Colpitts 
is also operated class A, The value of bias 





Figure 33-7 - Transistor Colpitts oscillator, 


current necessary to establish the desired oper- 
ating point is determined bythe standard voltage 
divider, formed by Rg, the base-emitter junc- 
tion, and Rg. It will be noticed that no coupling 
capacitor is used between the base and tank 
circuit in Figure 33-7. The main function of 
this capacitor is to provide dc isolation of the 
tank coil, In the transistor Colpitts dc isolation 
of the tank coil is provided by capacitors Cy 
and C3. The basic actions of the tank circuit and 
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method of obtaining feedback are the same for 
the transistor version as for its electron tube 
counterpart. 


Q8, Whatare the functions of capacitor C3 (Fig- 
ure 33-7), 


SELECTION OF CONFIGURATION 


It is possible to use any of the three basic 
transistor configurations (CC, CB, CE) in the 
construction of an oscillator, However, cer- 
tain considerations in the application of the cir- 
cuit (high operating frequency, large output 
power required, etc, )usually make the selection 
of one configuration more desirable than another, 


33-11, Common-Collector Configuration 


Since there is no phase reversal between 
the input and the output circuits of a common- 
collector configuration it is not necessary for 
the feedback network to provide a phase shift, 
However, since the voltage gain is less than 
unity and the power gain is low the common- 
collector configuration is very seldom used in 
oscillator circuits, 


33-12, Cormmon-Base Configuration 


The power gain and voltage gain of the common- 
base configuration are high enough to give sat- 
isfactory operation in an oscillator circuit, The 
wide range between the input resistance and the 
output resistance make impedance matching 
slightly harder to achieve in the common-base 
circuit than in the common-emitter circuit, 

A transistor used in the common-base con- 
figuration exhibits better high frequency re- 
sponse than when used in the common-emitter 
configuration, Therefore, the oscillator will 
usually be of the common-base type when the 
operating frequency is equal to, or greater than, 
the alpha cut-off frequency of the transistor, 

It has been stated that a transistor produces 
no phase shift when used inthe common-collector 
or common-base configurations and 180° phase 
shift when used in the common-emitter config- 
uration, This is true ONLY when the transistor 
is operated far belowits alpha cut-off frequency. 
As the frequency of operation approaches the 
alpha cut-off frequency, the transistor intro- 
duces an additional phase shift, At the alpha 
cut-off frequency this additional phase shift can 
be as much as 58°, Since common-base oscil- 
lators are used when the operating frequency is 
at, or beyond, the alpha cut-off frequency, this 
phase shift must be compensated for bythe feed- 
back network. 
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33-13. Common-Emitter Configuration 

Due to the high power gain of the common- 
emitter configuration, and the relatively low 
frequency of operation (in relation to the 2-10 
Mc alpha cut-off of transistors used at broad- 
cast band frequencies), the CE configuration is 
most often used for broadcast band receiver 
oscillators. 

In order for energy fed back from the output 
to be in phase with the energy at the input the 
feedback network of a common-emitter oscil- 
lator must provide a phase shift of approximately 
180°, Usually a CE transistor oscillator is 
operated at a frequency sufficiently below the 
alpha cut-off so that the additional phase shift is 
negligible. However if an additional phase shift, 
due to the transistor, is present it must be 
added tothe phase shift provided by the feedback 
network, 

An additional advantage of the common- 
emitter configuration is the moderate range 
between the input and the output resistances 
which simplifies the job of impedance match- 
ing. 





Q9. Listone instance where a CB configuration 
would be preferred over a CE configuration for 
an oscillator, 


FREQUENCY AND AMPLITUDE STABILITY 


The function of a receiver oscillator is to 
produce a sinusoidal waveshape of a specific 
frequency and amplitude. In the performance of 
this function the stability of an oscillator is a 
very important consideration, Depending on 
its application an oscillator may be required 
to have either good FREQUENCY STABILITY 
or good AMPLITUDE STABILITY, and in many 
cases both, Of the two, good frequency stability 
is usually considered more important. 





33-14, Frequency Stability 
The frequency stability of an oscillator is a 


measure of the degree to which a constant fre- 
quency output is approached, The better the 
frequency stability, the closer the output will 
be to a constant frequency, 

Frequency instability (variations above and 
below the ideal constant frequency) may be 
caused by transistor characteristics or by vari- 
ations in external circuit elements, 

It has been stated that (where output power 
is not of prime importance) transistor oscil- 
lators are often operated class A to insure 
stability, To this end the de operating point is 
chosen so that the operation of the transistor 
oscillator occurs over the most linear portion 
of the transistor characteristic curve. When 


8. Provide dc isolation and couple collector 
voltage changes to feedback capacitor C). 


9, When the operating frequency approaches 
or surpasses the alpha cut-off frequency 
of the transistor, 


ed 


ie operation of the circuit falls into a non- 
near portion of the transistor characteristic 
urve, because of variations in de bias volt- 
ges, the transistor parameters (dc voltages 
nd currents, etc.) vary. Since these para- 
neters are basic to the transistor and, by 
ieir effect on feedback voltages and current, 
ifect the frequency of tank oscillation, operating 
‘equency variations will occur with changes 
1 bias voltage. Thus, a constant supply voltage 
| a prime requirement for frequency stability. 

The interelement capacitances of the trans- 
itor have a greater effect on frequency stability 
ian do the other parameters, The most im- 
ortant of these interelement capacitances is the 
iput capacitance (sometimes called EMITTER 
IFFUSION capacitance, DIFFUSION capaci- 
ince, EMITTER-BASE capacitance, BARRIER 
apacitance, etc.). The important point is that 
\is capacitance exists within the transistor be- 
veen the emitter and the base and, therefore, 
qunts any portion of the tank circuit or feedback 
stwork connected between these elements. The 
alue of this capacitance is dependent, among 
cher things, on temperature, emitter current, 
ad frequency, The additional phase shift in a 
‘ansistor (mentioned previously) is primarily 
aused by this diffusion capacitance. Any change 
\ the operating point, temperature, current, 
c., willalter the value of the input capacitance. 
nce the input capacitance is in shunt with the 
edback circuit, or part of the tank, variation 

this capacitance will effect the frequency of 
scillation, The frequency stability of a tran- 
stor oscillator can be imporved by minimizing 
e effect of input capacitance variation. This 
accomplished by the use of a regulated power 
apply and by the stabilization ofemitter current 
ad bias voltages (discussed in Chapter 30), 

In oscillators operated at high frequencies 
ear alpha cut-off) the effect of diffusion ca- 
icitance variations may be minimized by in- 
orting a relatively large swamping capacitor 
:ross the emitter-base elements. The total 
‘pacitance of the two results in a circuit which 

less sensitive to variations, The added ca- 
icitor may be part of a tuned circuit as in the 
olpitts oscillator. 

The use of a common bias source for both 
sllector and emitter electrodes maintains a 
‘latively constant ratio of the two voltages. In 
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effect, a change in one voltage is somewhat 
counteracted by the change in the other, since 
an increased collector voltage causes an in- 
crease in the oscillating frequency and an in- 
creased emitter voltage causes a decrease in 
the oscillating frequency. However, complete 
compensation is not obtained since the effects 
on the circuit parameters of each bias voltage 
differ. 

Changes in operating point with changes in 
temperature are encountered in the transistor 
oscillator, The effects of changes in temper- 
ature on the transistor amplifier were given in 
Chapter 30, Since the transistor oscillator is 
merely an amplifier with additional circuitry, 
the means of temperature stabilization are the 
same for both oscillators and amplifiers, 


Q10, What factors influence frequency stability 
of the transistor oscillator? 


33-15. Amplitude Stability 

The AMPLITUDE STABILITY of a transistor 
oscillator indicates the amount by which the 
output amplitude varies from an ideal constant 
amplitude, 

The same parameters that affected frequency 
stability will affect amplitude stability. Output 
amplitude may be maintained relatively constant 
by insuring that the feedback is large enough, 
so that the collector current will be limited by 
the saturation and cut-off regions of the tran- 
sistor, Operation in this manner makes the 
output voltage directly proportional tothe supply 
voltage. Thus, regulation of the supply voltage 
will insure good amplitude stability. Although 
this type of operation will cause the output wave- 
form to be slightly distorted, purity of wave- 
form is not of prime importance in receiver 
oscillators, 


33-16, Tuning 

jh a superheterodyne receiver, the local oscil- 
lator frequency will always differ from the de- 
sired station frequency by an amount equal to 
the intermediate frequency. The local oscillator 
is usually tuned above the station frequency, 
although, in some cases, it may be tuned be- 
low. When a receiver, having an IF of 456 kc, 
is tunedto a station at the low end of the broad- 
cast band (540 ke for example), the local oscil- 
lator frequency will be: 


540 ke+ 456 ke - 996 ke 


When the same receiver is tuned to a station 
at the highend of the band (1600 kc for example), 
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the local oscillator frequency will be: 


1600 ke + 456 ke = 2056 ke 


The frequency range ofa local oscillator ina 
superheterodyne receiver, witha 456 kcIF, will 
be approximately 996 kc to 2056 kc. The tuning 
component, usually the capacitor, of the tank 
circuit is mechanically ganged with the tuning 
component of the input circuit. This allows the 
local oscillator frequency to be changed as the 
station frequency is changed, thereby keeping 
the LO frequency separated, at all times, from 
the station frequency by an amount equal to the 
IF, Since the LO frequency follows the selected 
frequency as tuning occurs, the LO is said to 
"track" the selected frequency. As was the case 
with the tuning capacitors in the RF stage, there 
will be slight electrical differences (due to man- 
ufacturing tolerances) in the oscillator tuning 
capacitors, For this reason, a trimmer ca- 
pacitor is usually connected in parallel with the 
oscillator tuning capacitor. Adjustment of the 
trimmer at the high end of the band insures 
better tracking. 

Most usually, Hartley type oscillators are 
tuned by means of a variable tank capacitor. 
This lends itself easily to the ganged tuning 
mentioned earlier, since the input frequency 
selector circuit is usually tuned by means of a 
variable capacitor. The rotors of these vari- 
able capacitors can be mechanically connected 
to a common shaft. 

Tracking is more difficult in a Colpitts oscil- 
lator when the tank capacitors are made variable. 
The two capacitors provide impedance matching 
between the output and the input circuits. The 
ratio of impedances must be maintained through- 
out the range of frequencies or impedance mis- 
match will occur, Resulting in aloss of feedback 
power, The difficulty encountered in varying 
Colpitts oscillator frequencies may be reduced 
by making the tank coil variable, or by making 
the split capacitors of the tank fixed and in- 
serting a variable tuning capacitor in parallel 
with the tank. Operation of the Colpitts in this 
manner will allow the tank frequency to be 
varied, but will maintain the impedance ratio 
between the two fixed capacitors. 


Qll. What is meant by the term "tracking?" 


33-17, Output Coupling 

Two common methods of coupling the output 
of the local oscillator to the mixer stage are 
transformer and capacitor coupling. The pri- 
mary requirement of a coupling device is to 
couple maximum energy to the following stage. 
To do so, the output impedance of the local 
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oscillator must be matched to the input im- 
pedance of the mixer stage. 

Examples of capacitive coupling from oscil 
lator tank circuits are shown in Figure 33- 

The Colpitts oscillator lends itself more 
readily to capacitive coupling of the output sig- 
nal than it does to transformer coupling. Al- 
though more power is lost in the capacitive 
coupling circuit, it exhibits a better high fre- 
quency response, 

To prevent a large signal voltage drop across 
the coupling capacitor, its reactance must be 
small compared with the input impedance of the 
mixer stage, Since the mixer input impedance 
is usually low, the capacitance value must be 
high. With the low voltages used, however, 
the physical size of the capacitor can be kept 
small, 

Examples of transformer coupling are given 
in Figure 33-9, Notice that the Colpitts oscil- 











Figure 33-8 - Examples of capacitive coupling. 


lator, using transformer coupling, has the two 
tank capacitors (which establish the impedance 
ratio) fixed in value, and a tuning capacitor to 
vary the tank frequency. 


(B) HARTLEY 





Figure 33-9 - Examples of transformer coupling. 


The power efficiency of transformer coupled 
oscillators is greater than for the capacitive 
coupled type; however, frequency response is 
not as good. Transformers are more expensive 
than the capacitors and resistor used for coupling. 

Actually the choice of coupling is determined 
by many factors such as: operating frequency, 
output power requirements, available space, 
type of oscillator, tuning method, etc. 
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AlQd. 


All. 


Emitter current, interelement capaci- 
tances, emitter voltage, collector voltage, 
supply voltage, and the ambient tempera- 
ture, 


The ability of a local oscillator to vary 
its frequency in step with receiver tuning. 
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EXERCISE 33 


What is the purpose of the local oscillator 
in a superheterodyne receiver? 

Briefly explain the operation of the basic 
series -fed transistor Hartley oscillator. 
Briefly explain the operation of a basic 
shunt-fed Hartley oscillator. 

Explain the operation of the basic transis- 
torized Colpitts oscillator. 

Explain the advantage, in relation to im- 
pedance matching, that the CEconfiguration 
has for use as an oscillator, 

What basically determines the frequency of 
a transistor oscillator? 

Explain the term "frequency stabilit 
What additional factor must be considered 
in the determination of a transistor oscil- 
lators frequency as the operational fre- 
quency is increased? 

Explain the term "amplitude stability. '' 
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ll. 
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What is the approximate frequency range of 
a LO in abroadcast receiver using a262 kc 
IF (LO tuned above signal)? 

Explain the difference between tuning and 
tracking. 

What component would normally be ad- 
justed if stations around 600 kc are at the 
right spot on the dial, but stations around 
1500 ke are not on their proper spots ? 
Would it be possible to vary the tank in- 
ductance to change frequency in a Hartley 
oscillator? Explain. 

Would it be possible to vary both tank in- 
ductance and tank capacitance to change 
frequency in the Hartley oscillator? Ex- 
plain, 

If output power is of prime importance, 
what type of output coupling would most 
likely be used? 


CHAPTER 34 


TRANSISTOR MIXERS AND CONVERTERS 


The advantages derived from the use of the 
superheterodyne receiver, as compared to the 
TRF receiver are uniform gain and selectivity, 
as the receiver is tuned over a wide range of 
frequencies. These advantages are possible 
because in the ''superhet" the various incoming 
radio frequency station signals are reduced to 
an intermediate frequency having a constant 
center frequency. This change of frequencies 
is achieved within the frequency conversion 
stage ofthe receiver. There are two basic types 
of frequency conversion stages used in the 
"superhet" receiver, one type being the MIXER 
and the other type being the CONVERTER. The 
frequency conversion process is the heart of the 
superheteodyne principle. 

This chapter will deal specifically with the 
mixer and the converter stages used in the 
transistor receivers; however, much of the 
theory and many of the characteristics discussed 
also apply to the corresponding electron tube 
circuits. For instance, the process of pro- 
ducing new frequencies as the result of apply- 
ing signals of different frequencies to a non- 
linear device is common to both transistor and 
electron tube circuits, The basic difference 
between a mixer and converter applies to both 
the transistor and electron tube circuits; i 
either case the mixer requires two input sig- 
nals (radio frequency and oscillator) whereas 
the converter has its own self contained oscillator 
and requires only one input signal (radio fre- 
quency). 

This chapter will cover the block diagram of 
the mixer, mixer operation and coupling methods, 
converter characteristics, and converter oper- 
ation. However, since a thorough knowledge of 
heterodyning action is necessary in the under- 
standing of mixers and converters, a brief re- 
view of the heterodyning process will be pre- 
sented first. 








Process of Heterodynin; 

The process of combining two or more fre- 
quencies in a nonlinear device and producing 
new frequencies is called MIXING, HETERO- 
DYNING, or FREQUENCY CONVERSION. 

The principle of mixing is not related to 
electronics alone. The basic principles can be 
traced to Physics. 
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The production of an audible beat note is a 
phenomenon which is easily demonstrated. For 
example, if two adjoining piano keys are struck 
simultaneously, a note will be produced that 
rises and falls in intensity at regular intervals. 
This action results from the fact that the rare- 
factions and compressions, produced by the vi- 
brating strings, will gradually approach a con- 
dition in which they reinforce each other, This 
occurs at regular intervals of time with an 
accompaning increase in the intensity of the 
sound, Likewise, at equal intervals of time, 
the compressions and rarefactions gradually 
approach a condition in which they counteract 
each other and the intensity is periodically re- 
duced, Figure 34-1 illustrates graphically how 
the resultant difference vibration appears. 





Figure 34-1 - Resultant vibrations produced 
by two sound waves of slightly 
different frequency. 


If wave (A) were 98 cycles per second and 
wave (B) were 100 cycles per second, both of 
the same amplitude, the resultant vibration would 
rise and fall at a difference frequency of 2 cycles 
per second. It is importanttonote that the mere 
existance of this amplitude variation does not 
directly indicate the presence of a difference 
frequency component, in the diagram shown, the 
difference frequency is observed; but is not 
necessarily detected until the ear itself acts as 
a nonlinear deviceor mixer. To obtaina differ- 
ence frequency component, it is necessary to 
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apply the original frequencies to a nonlinear de- 
vice. 

Since the transistor, like the ear, displays 
non-linear characteristics, the simultaneous 
application of various frequencies will result 
in the reproduction of the original frequencies 
plus the production of various new frequencies. 

The necessity for the use of a non-linear de- 
vice to produce the heterodyning process in a 
transistor can best be demonstrated by the use of 
a response curve. The response curve shown in 
Figure 34-2 isa graph of collector current versus 
base-emitter voltage. The VgE—Ic curve 
shown is similar to the ec—ip curve ofanelectron 
tube. Like the ec—ip it is referred to as a dy- 
namic transfer curve. It shouldbe recalled that 
the transfer curve was constructed, inanearlier 
chapter, for the purpose of showing the non- 
linear characteristics of the electron tube am- 
plifier, It was also shown previoulsy (Chapter 26) 
that simultaneous application of two different 
frequencies to a linear device produced an out- 
put containing only the original frequencies while 
simultaneous application of the same two fre- 
quencies toa non-linear device produced not only 
the original frequencies but alsothe sum and the 
difference of the two original frequencies. Fig- 
ure 34-2 will be used to explain this action, 
Waveforms (A) and (B) are used to form the 
composite waveform (C), Although (C) appears 
to contain a modulation component at the differ- 
ence frequency of (A) and (B) the average value 
of wave (C) at any instantis zero, thus, no use- 
ful energy exists at the difference frequency. 
However, the application of waveform (C) toa 
non-linear device, such as the transfer curve, 
causes a heterodyning action between the two 
original frequencies. This causes the average 
of the output waveform (D) to be other than zero 
andtovary atthe difference frequency. Although 
not shown graphically energy is also present at 
the sum frequency, 

Ifwaveform (C) were appliedat point Y rather 
than point X, and the output waveform graphed, 
it would be noticed that (due to the linear char- 
acteristics of the curve in this region (the var- 
iations of I¢ would be nearly symmetrical. Thus, 
very little heterodyning action would take place 
and the average output would be very nearly zero. 

It can be concluded that as the device becomes 
more linear the average amplitude variations in 
the output approach zero. Ifthe device used were 
perfectly linear the average output would be 
exactly zero and only the original frequencies 
would be present. 





Ql. Would heterodyning occur ina device whose 
output current is directly proportional to its 
input voltage? 








Figure 34-2 - Transfer curve with waveforms 


34-2. Block Diagram of a Mixer 

The production of beat frequencies in a 
"'superhet!' receiver is similar to the examples 
discussed in Section 34-1. Inthe mixer stage, 
the process is entirely electrical and the fre- 
quencies are much higher. Figure 34-3 illus- 
trates the block diagram of the mixer stage and 
the actual frequencies involved (for a specific 
situation) in the process of mixing. 

For simplicity, during the explanation of 
mixing action, a single 5 kc audio frequency will 
be used as the original modulating frequency. 
The frequency of the station carrier signal is 
1000 ke. Thus, the AM signal from the trans- 
mitter will contain energy at three distinct fre- 








Figure 34-3 - Block diagram of Mixer stage. 
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quencies, the 1000 kc carrier frequency, the 
1005 ke upper sideband frequency, and 995 ke 
lower sideband frequency, The original 5 kc 
modulating signal is now contained in the rela- 
tionship between the carrier and either of the 
sideband components. This AM signalisused as 
one of the input signals to the mixer stage and 
is indicated in Figure 34-3as the AM signal 
from the RF amplifier. The other input to the 
mixer stage is a constant amplitude RF signal 
from the local oscillator. A prerequisite of the 
device usedas the mixer is that it be non-linear. 
When using a transistor as a mixer, the curved 
portion of the dynamic transfer curve is utilized 
to achieve proper mixing action. 

The local oscillator frequency will beat or 
heterodyne with all the individual components of 
the modulated wave. 

For example, the upper sideband frequency 
of 1005 ke will heterodyne with the local os- 
cillator frequency of 1455 kc and produce the 
sum frequency (2460 kc), the difference fre- 
quency (450 kc), and the original two (1005 ke 
and 1455 kc) frequencies. This process will 
be repeated betweenthe carrierand local oscil- 
lator and the lower sideband and local oscil- 
lator frequencies. The net result of all these 
actions is an output which contains twelve sig- 
nificant frequency components. It should be 
noted that the output will also contain harmonics 
of all the sum, difference, and original fre- 
quencies, however, for simplicity of explanation 
they will be neglected. 

In a practical situation the AM signal would 
contain many sideband frequencies, which would 
in turn produce a multitude of significant output 
frequencies. 

Since the output of the mixer contains many 
frequencies, a tuned resonant tank circuit acting 
as a filter is employed to select the desired 
difference frequencies, This filter consists of 
components so arranged to pass a band of fre- 
quencies centered around 455 kc. The response 
curve of a typical tuned circuit is shown in 
Figure 34-4, The characteristics of this tank 
circuit are a relatively uniform gain within the 
0.707 points and increasingly less gain for fre- 
quencies further from (above or below) the center 
frequency. Therefore, only frequencies closely 
associated with the resonant frequency of the 
tuned circuit will develop sufficient voltage to be 
passed on to the IF amplifier. Figure 34-4 in- 
dicates that the other frequency components pre- 
sent in the mixer output will fall outside the 
bandpass of the tank circuit and will NOT develop 
sufficient voltage across the tuned circuit to be 
passed on to the IF amplifier. Figure 34-4 
represents the individual bandwidth of the mixer 
tank circuit, and not the overall bandwidth of a 
complete receiver. The half power points have 





Figure 34-4 - Response curve of Mixer tank 


been chosen arbitrarily, and are dependent on 
receiver circuit design and characteristics, 
Inthe mixer block diagram (Figure 34-3), the 
output of the tuned circuit contains the frequency 
components 450 kc, 455 kc, and 460 kc. The 
output of the tuned circuit constitutes the modu- 
lated intermediate frequency signal. It should 
be noted that, although the sideband and carrier 
have been converted to lower frequencies, the 
same relationship between the sideband fre- 
quencies and carrier has been maintained. Thus, 
the original modulating frequency still exists 
in the IF signal by virtue of the relationship be- 
tween the carrier and sideband frequencies. 


Q2, Why must the frequency response between 
the half-power points be greater thanthe highest 
modulating frequency? 


34-3, Transformer Coupled Mixer 

It has been stated that the Transistor Mixer 
hasanRF signal input and an input from the local 
oscillator, These signals may be applied to the 
mixer in many different ways, depending on cir- 
cuit configurations, design considerations, etc. 
Figure 34-5 is a partial schematic of a CE 
mixer illustrating the injection of the oscillator 
signal on each of the transistor elements, Trans- 
former T} couples the RF signal from the RF 
amplifier, or in some cases the antenna, to the 
base of the mixer Q]. The primary of Tz and 
capacitor Cz form the tuned output circuit of the 
mixer stage and are resonated at the intermed- 
iate frequency. Transformer T3 couples the os- 
cillator frequency into the mixer and is shown 
inthree possible connections, T3, acts inseries 
with T; and couples the oscillator signal to the 
base of Ql. T3p couples the oscillator signal to 
the emitter and controls the conduction of Q} 
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Al, No! This device would exhibit a linear 
characteristic curve and would therefore 
be unsuitable for mixing. 


A2, If it were otherwise, the sidebands repre- 
senting the higher modulating frequencies 
would fall outside the 0,707 points and be 
attenuated, 


by varying emitter bias. T3¢ shows the oscil- 
lator signal coupled into the collector circuit. 
Regardless of where the oscillator signal is 
applied the mixing action described previously 
remains the same. 








Figure 34-5 - Signal injection methods for 
Mixer stage. 


A complete schematic diagram of amixer stage 
employing emitter injection of the oscillator 
signal is shown in Figure 34-6, 

Capacitor C] and the primary of T) are tuned 
to the radio frequency signal input, T) couples 
this signal to the base of Q). Resistors R) and 
R3 form a fixed voltage divider network. Their 
value is chosen tocorrectly set the magnitude of 
forward bias for operation on the non-linear 
portion of the transistors dynamic transfer 
curve, Resistor R2 provides bias stabilization 
and capacitors C3 and Cg prevent degeneration, 
Capacitor C5 and the primary of T3 form a 
parallel resonant circuit for the intermediate 
(difference) frequency. 


34-4, Dynamic Operation 


The action of the mixer circuit may be sim- 
plified by considering the transistor as being 
controlled simultaneously by the oscillator sig- 
nal and the incoming radio frequency signal. The 
oscillator output is usually much larger(10 or 
more times) in amplitude thanthe incoming RF. 
For this reason, the collector current of the 
mixer is controlled primarily by the oscillator 
signal. The signal developed across the emitter- 

















Figure 34-6 - Transformer coupled Mixer, 


base junction is the instantaneous sum of the 
oscillator signal and the radio frequency signal. 
This emitter-base signal will be a complex 
waveform due to the heterodyning of the oscil- 
lator and radio frequency signals in the non- 
linear junction of the mixer, The resulting 
collector current will be a complex waveform 
consisting of many frequencies including the 
sum, difference, and the original two frequen- 
cies, At resonance, the tank consisting of Cs 
and the primary of T3 will oscillate at, and offer 
a high impedance to, the difference frequency 
and its associated sidebands. Because of the 
high circulating current, the difference frequency 
will be coupled into the first IF amplifier for 
further amplification, 


Q3. Why is oscillator stability an important 
prerequisite for mixer operation? 


34 RC Coupled Mixer 


A mixer stage may also employ resistance- 
capacitance coupling of the local oscillator signal 
into the stage. An RC coupled mixer stage is 
illustrated in Figure 34-7. 

Capacitor C3 has a low reactance toRF. C2 
and R3 couple the modulated RF signal to the 
base-emitter junction. C, and R2 form an RC 
coupling network for the local oscillator signal. 
The primary of Tz is tuned to select the difference 
frequency. 
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Figure 34-7 - RC coupled Mixer 


34-6, Dynamic Operation 

‘The transistor is biased class AB (by R2, R3, 
Voc, and the junction resistance) to utilize its 
nonlinear characteristics. The local oscillator 
signal is strong enough to alternately forward 
and reverse bias the emitter base junction. 

Although the conduction time of the transistor 
is controlled primarily by the oscillator signal 
the collector current contains components caused 
by the combinationof the RF and oscillator con- 
trol. Since the mixer stage generatesa collector 
current which contains many frequency com- 
ponents, one must be selected by the output tank 
circuit. This is accomplished by tuning the 
output tank circuit to the difference frequency. 

The amplification or gain associated with a 
mixer stage is called the CONVERSION GAIN. 
This is a comparison of the useful difference 
frequency energy output tothe RF signal energy 
in the input. Since the useful difference fre- 
quency current is just a portion or component 
of the total collector current signal, the con- 
version gain is much smaller when comparing 
it to the gain of the same stage used as an am- 
plifier. Although the mixer or converter stage 
does not contribute much to the receivers total 
gain, the function of frequency conversion has 
beenaccomplished. Since the output of the mixer 
stage is always a constant frequency band, the 
additional gain required can be achieved by the 
use of fixed tuned IF amplifiers. 


Q4, What would be the effect of adding an RF 
bypass capacitor from emitter to ground in 
Figure 34-7? 


TRANSISTOR CONVERTER 


34-7. Characteristics 
Sometimes the function of the oscillator and 


mixer are incorporated into one stage containing 
two sections, When this is done, the stage is 
called a CONVERTER. The only external input 
to the converter stage is the modulated RF signal. 
The local oscillator signal is generated within the 
stage. The principleadvantage ofa converter is 
the reduction of the number of components and 
transistors used to accomplish frequency con- 
version, The disadvantage of a converter is that 
stable oscillation, which should be a charac- 
teristic of the local oscillator, is dependent upon 
a minimum of nonlinearity, whereas, the fre- 
quency conversion process requires a high de- 
gree of nonlinearity, 





Figure 34-8 - Converter circuit, 


A typical converter circuit using an NPN 
transistor is shown in Figure 34-8, A converter 
circuit is characterized by only one input signal. 
The modulated RF signal from the RF amplifier 
is transformer coupled to the base of Q}, The 
local oscillator signal is generated internally 
by theaction of Lz, Cq and C5. The circuit may 
be redrawn to illustrate the oscillator circuit 
(Figure 34-9), and the Mixer circuit (Figure 
34-10) separately. 


Oscillator Section 

The oscillator portion of the frequency con- 
verter, shown in Figure 34-9, is a basic Arm- 
strong oscillator, Note the positive side of the 
tickler coil (Lg primary) has been connected 
directly to Vcc to show oscillator action, The 
components Tz, Cg, R4, and C7, shown in Fig- 
ure 34-8, will be discussed in connection with 
the operation of the mixer section of the con- 
verter, Rj and R2 form a voltage divider net- 
work to establish the transistor operating point. 
R3 provides emitter stabilization, and is essen- 
tially bypassed to ground for RF signals through 
a few turns of the secondary winding Lz and the 
capacitor C3. R3, although bypassed for RF, 
must develope a voltage at the oscillator fre- 
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A3. To insure that the resultant IF produced 
and applied to the IF stage will be a con- 
stant frequency. 


A4, Bypassing R2 would prevent the develop- 
ment of the local oscillator control signal. 





Figure 34-9 - Oscillator section of converter, 


quency in order to control the emitter bias. 
Careful observation will show that the local 
oscillator section of the converter is a CB con- 
figuration, due to the fact that the base is com- 
mon to both the emitter and collector circuits. 
C2 is a bypass capacitor around Rj to prevent 
degeneration and effectively places the base at 
ac ground. 


34-9, Operation of the Oscillator Circuit 

Oscillations in this circuit are started the 
moment the de power (VCC) is applied to the cir- 
cuit, At that moment, a surge of current flows 
through the transistor, and the tank circuit goes 
into oscillation, The amplified oscillations 
appear across the Lz primary, andare inductive- 
ly coupled to the Lz secondary. The feedback 
signal is regenerative and of sufficient mag- 
nitude to sustain oscillations, The secondary 
of La is tapped to achieve a proper impedance 
match between the high impedance tank circuit 
and the relatively low impedance of the emitter 
circuit. 


34-10, Mixer Section 

Figure 34-10 illustrates the mixer section of 
the converter. For simplicity, the components 
of the oscillator section have been replaced by 
the block labeled "LO tank". The modulated RF 
signal is transformer coupled to the base of the 
converter, The constant amplitude local os- 
cillator signalis coupled through C3 tothe emit- 
terofthetransistor, Transistor Q) is biased by 


R] and Rz onthe nonlinear portionof the dynamic 
characteristic curve for proper heterodyning 
action, The transistors collector current is 
controlled simultaneously by the oscillator sig- 
nal and the incoming signal. The collector 
current will be a complex waveform consisting 
of many frequencies including: the local os- 
cillator signal frequency, the received incoming 
signal frequency, the sum of these two fre- 
quencies, and the difference between these two 
frequencies. 





Figure 34-10 - Mixer section of converter. 


The primary of the output transformer and 
Cy form a resonant circuit, which is tuned to 
the difference frequency (IF). Thus, the IF fre- 
quency will develop a relatively large voltage 
across the tuned circuit while the remaining 
signals (LO, RF and the sum frequency) will 
develop relatively small voltages across the 
tuned circuit, Rq and C7 serve asa decoup- 
ling network to filter out the remaining energy 
of the undesirable signals, 


Q5. Why are tapped coils used on transistor 
circuits? 


Q6, What would be the result if the tickler coil 
were to become shorted? 


34-11, Image Frequency 

IMAGE FREQUENCY is defined as an inter- 
fering transmitted signal the frequency of which 
always differs from the desired station frequency 
by twice the IF, In other words, image fre- 
quency = station frequency + (2 X intermediate 
frequency). The plus sign of the formula is used 
if the local oscillator frequency tracks (operates) 
above the station frequency. The minus sign of 
the formula is used if the local oscillator tracks 
below the station frequency. The oscillator 
tracking below the station frequency is generally 
used for the higher frequency bands, and the 
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Oscillator tracking above the station frequency 
is generally used for the lower frequency bands 
such as the broadcast band. 

The frequency relationships between image 
frequency, oscillator frequency, and station fre- 
quency, versus receiver frequency are illus- 
trated in Figure 34-11. 


z 
3 
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Figure 34-11 - Relationship of image fre- 
quency to station frequency 


As an example, if a receiver having an inter- 
mediate frequency of 455 ke is tuned to receive 
a station frequency of 1500 ke, its local oscil- 
lator will be at a frequency of 1955 kc. Pro- 
vided a station is operating at 2410 ke and is of 
sufficient strength, it too will beat with the 
1955 kc oscillator signal and produce a difference 
frequency of 455 kc. This image station is out 
of the broadcast range but could consist of other 
types of transmissions such as police calls, 
marine signals, etc, Both stations when mixed 
with the local oscillator will produce the correct 
difference frequencies. Thus the IF amplifier 
cannot separate the desired station from the 
image signal. Since the 1500 kc station and the 
2410 ke image are heard simultaneously in the 
output of the receiver, distortion and inter- 
ference result. 

The selectivity of the preselector (RF am- 
plifier) and antenna circuits tends to reduce the 
strength of these images or unwanted signals 
prior to entering the mixer or converter stage. 

The ratio of the amplitude of the desired 








‘station signal to that of the image i 
IMAGE REJECTION RATIO. In other terms: 


IMR = 2mplitude of desired signal 


amplitude of image signal 





For example, if the amplitude of the desired 
station frequency is equal to 10 microvolts, 
and the amplitude of the image frequency is 10 
microvolts, then the ratio is 1:1. This is un- 
desirable because the image signal being re- 
ceived isas strong asthe desired signal. Ratios 
of 5:1 or 10:1 are very desirable because the 
amplitude of the desired signal is 5 to 10 times 
the amplitude of the image signal. 





Q7. How can image frequencies be reduced in 
superhet receivers? 


Q8. Why are image frequencies undesirable? 


Q9. With a station frequency of $10 kc and an 
image of 1322 ke, what is the LO frequency? 


Q10, Why is an image rejection ratioof 1:5 un- 
desirable? 


34-12, Trackin 

The oscillator frequency must always differ 
from the station frequency by an amount equal 
to the intermediate frequency. When tuning the 
receiver, the oscillators frequency must change 
by the same amount as the incoming RF if the 
difference between them is to remain the same. 
When this is done the oscillator is said to "track" 
the RF. Varying both the main tuning capacitor 
and the oscillator capacitor is accomplished by 
use of a ganged capacitor. 

For proper operation of the receiver the IF 
frequency must remain constant over the entire 
tuning range of the receiver. In other words, if 
the IF of a particular receiver is 455 kc, then, 
the IF must be 455 kc when the receiver is tuned 
to the low end of the range (540 ke) as well as 
the high end of the range (1600 kc), 





Figure 34-12 - Ganged capacitors. 
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A5, To achieve proper impedance matching for 
maximum transfer of energy. 


A6. Nooutput from the converter stage because 
the LO would cease to operate due to in- 
sufficient feedback. The only signal present 
in the collector tank circuit would be the 
modulated RF frequencies which fall outside 
the bandpass and receive very little ampli- 
fication, 


A7?. The addition of RF amplifiers and tank 
circuits selective enough to discriminate 
against images. 

A8, Interference and distortion in the output 
would result. 


A9. 1066 ke. 


Al0, This ratio indicates that the amplitude of 
the image is 5 times greater than the am- 
plitude of the desired station signal. 





Due to manufacturing tolerances, design prob- 
lems, etc,, there is usually some variation in 
the characteristics of individual capacitors, re- 
sulting in improper tracking. A direct result of 
improper tracking is IF variation, If the RF and 
oscillator frequencies do not change equally the 
IF will vary over the tuning range. This means 
the IF might be 450 kc at the low end of the range, 
455 kc at the middle, and 460 kc at the upper limit. 
Since the IF amplifiers have a fixed bandwidth 
with a specific center frequency this would result 
in reduced receiver gainat the high and low ends 
of the range with possible distortion. 

Several methods have been developed to re- 
duce IF variations due to improper tracking. One 
of these methods is the use of a TRIMMER 
CAPACITOR. The trimmer capacitor is usually 
of the compression mica type, and is mounted on 
the top of the main tuning capacitor as shown in 
Figure 34-12, Electrically, the trimmers are 
in parallel with each section (oscillator and RF). 
The schematic diagram of the oscillator capaci- 
tor and trimmer is shown in Figure 34-13, The 
value of the trimmer capacitor is usually smaller 
than its associated capacitor. 

The trimmer is used to compensate for track- 
ing variations at the high end of the tuning range. 
The reason for this can be demonstrated by the 
following example. 


NOTE: Values used in the examples are taken 
from a typical ganged tuning capacitor used in 
broadcast band receivers, An oscillator capac- 
itor, having a range of 10,6 pf to 172.6 pf, is 
paralleled with a trimmer, having a range of 
2 pf to 17 pf. 

To determine the effect of trimmer variation 


OSCILLATOR 


ATOR 


OSCILLATOR COIL 





Figure 34-13 - Oscillator tuning capacitor 
with trimmer. 


on total tank capacitance at the high frequency 
end of the tuning range, set both capacitors at 
minimum (C2 = 10.6 pf and C1 =2 pf, Figure 
34-13), Thus, the minimum capacitance of the 
parallel combination will be: 


2+ 10.6 = 12.6 pf 


Maintaining the oscillator capacitor atminimum 
and setting the trimmer to maximum (C = 17 pf) 
will cause the minimum capacitance of the com- 
bination to increase to: 


17 + 10.6 = 27.6 pf 
Thus, at the high frequency end of the range the 


trimmer capacitor can cause a change in total 
tank capacitance of: 


27.6 - 12.6 = 15 pf 
Dividing the change in capacitance by the 
original minimum capacitance and multiplying by 


a 100 will result in the percentage of change in 
tank capacitance caused by the trimmer, 


tie 100 = 119% 


The effect of trimmer variation on total tank 
capacitance at the low end of the tuning range 
is determined by setting the oscillator capaci- 
tor to maximum and the trimmer to minimum 
(C, = 2 pf and C2=172.6 pf). The total tank 
capacitance with these settings will be: 


2+ 172.6 = 174.6 pf 


Holding the oscillator capacitor at maximum and 
setting the trimmer at maximum will increase 
the tank capacitance to: 


17 + 172.6 = 189.6 pf 


The change in tank capacitance at the low fre- 
quency end caused by varying the trimmer will 
be: 


189.6 - 174.6 = 15 pf 
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The change in capacitance of 15 pf is the same 
as occurred at the high end, however, the per- 
centage of change is vastly different: 


* 100 = 8.5% 





174.6 


Therefore, it can be seen that varying the 
trimmer capacitor effects the percentage of tank 
capacitance to a much greater extent (119%) at 
the high end of the tuning range and has rela- 
tively little effect (8.5%) at the low end. For 
this reason, the trimmer is adjustedat the high 
frequency end of the receivers tuning range. 

A method of reducing improper tracking at 
the low end of the tuning range is by the use of 
a PADDER capacitor, The padder is usually 
found only in the oscillator tank circuit. If the 
oscillator coil has an adjustable powered iron 
core, the padder is usually not incorporated. 
The padder is electrically in series with the 
tank circuit, A schematic showing the place- 
ment of the padder is shown in Figure 34-14, 


TUNING 


ss 


\06-I72.6pf 


CAPACITOR: 





Figure 34-14 - Oscillator tuning capacitor 
with padder, 


The padder is usually a compression type mica 
capacitor. It has more plate area than the trim- 
mer, and therefore, has more capacity. The 
capacity value of the padder is approximately 
the same as the main tuning capacitor. When 
capacitors are in series the formula: 


cic 

ct = 21 %2 inust be used to find total circuit 
Gi + C2 

capacity. 


With the oscillator tuning capacitor set for a 
minimum capacitance (high frequency) of 10. 6 pf, 
the padder may beadjusted from 9-180 pf, Using 
the formula, the total tank capacity change will 
befrom 4.8 pf to 10 pf. With the tuning capaci- 
tor set for maximum capacity (low frequency) 
of 172.6 pf, the padder may be adjusted from 


9-180 pf. The total circuit capacity change 
will be from approximately 8.5 pf to 88 pf. 
Therefore, a change of only 5.2 pf (10 - 4.8) 
occurs at the high frequency end, whereas, a 
change of 79.5 pf (88 - 8.5) occurs at the low 
frequency end of the band. Since the change at 
low frequency end is approximately 15 times 
greater than that at the high frequency end, the 
padder adjustment has the greatest effect at the 
low end of the tuning range, 

An alternate method used to improve the 
tracking at the low frequency end of the band 
is to cut slots in the end rotor plates of the os- 
cillator tuning capacitor as shown in Figure 
34-15, The capacitance may be varied by bend- 
ing the individual plates on the rotor. If the 





Figure 34-15 - A slotted rotor plate. 


plate is bent toward the stator, the capacitance 
is increased due to decreasing the distance be- 
tween the plates. If it is bent away from the 
stator, the capacitance will decrease. 

The exact frequencies at which the padderand 
trimmer capacitors are adjusted to improve 
tracking is usually given in the alignment speci- 
fications for the specific receiver. 


Qll, When the tuning capacitor is set to mini- 
mum capacitance will the plates be fully meshed 
or fully open? Explain. 


Qi2. Are trimmer and padder capacitors nec- 
essary in the output circuit of the mixer or con- 
verter stage? Explain. 
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All, 


Al2, 
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Fully open, One of the factors determining 
capacitance is the plate area. With the 
plates open plate area is minimum, 


No. This tank is tuned to a fixed inter- 
mediate frequency. 





EXERCISE 34 


Why is it desirable to convert the various 
incoming RF to a fixed lower frequency? 
Why is a knowledge of heterodyning action 
necessary in the study of the mixer and 
converter stages? 

Since the response of the human ear very 
seldom goes below 30 cps explain how it 
would be possible for the ear to detect a 5 
cps fluctuation in sound intensity. 
Explain why it is impossible to obtain energy 
at the difference frequency when two signals 
are mixed across a perfectly lineardevice 
Areaudio frequencies present as such in the 
signal transmitted from the station? Ex- 
plain? 

List the sideband frequencies necessary for 
an RF signal to contain intellegence at 15 kc. 
Assume a carrier frequency of 650 kc. 
Assume the RF signal of question 6 is applied 
to a mixer and reduced toa 462ke IF signal. 
What sideband frequencies must be present 
in the IF signal to preserve the 15 ke in- 
tellegence? 





8. 


9 


10. 


li. 


12. 


13. 


14, 


15, 


How does conversion gain differ from the 
regular gain of a transistor? Explain, 

If oscillator stability is an important re- 
quirement in a certain application would 
frequency conversion be accomplished by a 
mixer or a converter stage? Explain, 
What effect will image frequencies have on 
a TRF receiver? 

Define tracking and explain the effect of 
poor tracking on receiver operation. 

What would the IMR of a receiver be if the 
desired signal were 30 microvolts and the 
image signal were 180 microvolts? 

What would be the percentage of tank capac- 
ity change, due totrimmer variation, at the 
high frequency end of the range be ifa 
tuning capacitor with a 30-300 pf range and 
a trimmer with a 3-30 pf range were used? 
Explain how a slotted rotor plate can be 
used in place of a padder. 

Would it be possible for an oscillator tank 
to contain both a trimmer and padder capac- 
itor? 


CHAPTER 35 
TRANSISTOR IF AMPLIFIERS 


The receiver circuits studied, thus far, have 
included the RF amplifier, the oscillator, the 
mixer, and the converter circuits, The am- 
plitude of the signal from the mixer (or con- 
verter) is still comparatively weak. Due to its 
small amplitude, it is not considered practical 
to feed this signal directly to a detector stage 
for demodulation. For this reason the super- 
heterodyne receiver includes one or more 
stages of INTERMEDIATE FREQUENCY ampli- 
fication between the mixer and the detector 
stages, 

In the block diagram of the superheterodyne 
receiver(Chapter 31) it can be seen that the IF 
amplifier block receives its input signal from 
the mixer block, This signal is an amplitude 
modulated wave at a frequency somewhat lower 
than the received station signal. The IF am- 
plifier stage, or stages, produces an amplified 
reproduction of the mixer output signal (a band 
of frequencies centered around the IF frequency) 
and applies it to the detector stage. 

In many ways the operation of the IF amplifier 
is similar to that of the RF amplifier, The 
signals being amplified, however, are at a 
lower frequency than for the RF amplifier, Un- 
like the RF tuned circuits (whose frequency is 
variable over a wide range), the tuned circuits 
used in IF amplifiers are fixed at a definite 
resonant frequency; adjustable tank components 
being incorporated for alignment purposes only. 
Since they operate at a fixed band of frequencies, 
the IF amplifiers can be designed to provide 
optimum gain and bandwidth characteristics. 

This chapter will consider the operational 
theory of transistor IF amplifiers, including 
factors affecting the choice of an intermediate 
frequency and the choice of circuit configuration. 
Transformers used for interstage coupling at 
the IF frequencies will be given a detailed ex- 
planation, Finally, the principles of single 
tuning, double tuning, and stagger tuning will 
be presented, 


35-1, Choice of IF Frequency 

Many factors are involved in the choice of a 
receivers IF frequency, In most cases the cho- 
sen value is a compromise and may vary from 
one brand of receiver to another. The value of 
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IF frequency for a specific receiver is chosen 
by the designer, or manufacturer, froma wide 
range of values, In fact, since the discovery of 
the heterodyne principle, IF frequencies rang- 
ing in value from 130 ke to 485 kc have been 
used in broadcast band "superhet"' receivers. 
Values at the low end of this range (175 kc, 262 
ke, etc) are used occasionally. The use ofa 
low value IF frequency results in slightly better 
gain and stability characteristics. A low IF 
frequency also results in a 2% to 3% improve- 
ment in selectivity, However, the advantages 
gained are overshadowed by the increased sus- 
ceptibility to image-frequency reception. This 
occurs because lowering the value of IF fre- 
quency moves the image-frequency closer to 
the frequency of the desired station, thus in- 
ng the possibility of an undesired station 
having the proper value of carrier frequency to 
beat with the local oscillator of the receiver and 
produce a signal at the receivers IF frequency. 

The majority of modern broadcast band 
receivers employ one of three IF frequency 
values: 455 kc, 456 kc, or 465 kc, These 
values have been found, through experience, to 
give sufficient gain and stability characteristics 





while retaining acceptable image-frequency 
rejection, 
Ql. Would the image-frequency of a receiver 


tuned to 800 kc, and having an IF frequency of 
175 kc, lie within the broadcast band? The 
local oscillator is tuned above the station fre- 
quency, 


Q2, Would the image-frequency of a receiver 
tuned to 800 ke and having anIF frequency of 465 
ke lie within the broadcast band? 


35-2, Single Stage IF Frequency Amplifier 
Before entering into adiscussion of the com- 
ponents used in the IF amplifier, a brief, overall 
description ofatypical IF amplifier stage will 
be presented. Figure 35-1 illustrates a typical 
transistor IF amplifier. The tuned input circuit, 
which is formed by the primary of T, and ca- 
pacitor Cy, is actually the output tank circuit 
of the mixer stage. As previously stated this 
circuit is tuned to the receiver IF frequency 
(456 ke in this case), The primary of T is 
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Al, Yes. The image-frequency would be 1150 
ke, 


A2. No. The image-frequency would be 1730 
ke. 





tuned by the adjustment ofa powdered iron core 
(indicated by the arrow and slug above the 
primary coil), while the secondary is untuned, 
Tapping the primary winding permits matching 
the impedance of the tuned circuit to the output 
impedance of the mixer stage, The turns ratio 
and the coefficient of coupling is chosen so that 
the impedance of the secondary winding will 
match the relatively low input impedance of the 
transistor Q), 

The operating point for class A operation of 
the CE configurationis established bya standard 
voltage divider and bias stabilizing network, 
consisting of Ry and R3, Bypass capacitors C3, 
C4, and Cg perform their usual function, 
Emitter bias and emitter current stabilization 
is provided by Rz. Regeneration is prevented 
by neutralizing capacitor C2. 
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Signal levels, However, where cost is a factor 
and peak performance is not of prime import- 
ance it is possible that a single stage of IF fre- 
quency amplification may be used. 

In most cases the gain, bandwidth, and 
selectivity requirements of a broadcast band 
receiver can be satisfied by cascading (connect- 
ing in series) two IF stages. When additional 
gain is needed, it is usually acquired through 
the addition of audio amplifiers rather than IF 
amplifiers because of the instability resulting 
when tuned stages are cascaded, 





Q3. If the signal induced in the secondary of 
T) (Figure 35-1) increased in a positive dir- 
ection, would the voltage drop across Rp in- 
crease, decrease, or remain relatively constant? 


Q4, What effect would an increase in ambient 
temperature have on the voltage drop across 
the bias stabilizing resistor R3 (Figure 35-1)? 


INTERMEDIATE FREQUENCY 
TRANSFORMERS 


The characteristics and physical construction 
of transformers used as coupling devices at high 
frequencies are quite different than for trans- 
formers used at audio frequencies, The pur- 
pose of this section is todiscuss the character 
istics and use of interstage transformers, at 
intermediate frequencies, in transistor re- 
ceivers, 


35-3, Characteristics of IF Transformers 








Figure 35-1 - Single stage IF amplifier. 


The transistor Q is a small signal, germa- 
nium PNP type. In accordance with standard 
practice, Q) is operated in the CE configuration 
in order to take advantage of the higher power 
gain. 

Transformer T2 has its primary tuned to 456 
ke and an untuned secondary, The primary wind- 
ing is tapped to prevent the moderate output 
impedance of Q, from shunting the tuned circuit 
and lowering its Q (explained inthe next section). 
The secondary of Tz may feed either the detector 
stage or another IF amplifier stage. 

In normal operation, a single stage of IF fre- 
quency amplification is impractical due to poor 
selectivity and poor detector efficiency at low- 


The primary, or the secondary, (and in 
some cases both) circuits of IF transformers 
are tuned to a specific resonant frequency, 

For any specific resonant frequency the LG 
product of a tuned circuit is a constant, Thus, 
the product of the inductance (L) and the ca- 
pacitance (C), which form the tuned primary 
of a 455 ke IF transformer, will be identical 
whether the transformer is used in an electron 
tube receiver or a transistor receiver. How- 
ever, due to the magnitude of currents and 
voltages used in transistor receivers, a tran- 
sistor IF transformer is considerably smaller 
in physical size than its electron tube counter- 
part. Figure 35-2 illustrates the relative size 
of the IF transformers used in the two types 
of receivers. 

Since the selectivity of a receiver is pri- 
marily determined by the IF stages, it is desir- 
able that the tuned circuits (IF transformers) 
have a relatively high Q. It was shown, in 
Chapter 9, that the core material is one of the 
factors having a pronounced effect on the induct- 
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Figure 35-2 - IF transformers, 


ance of a coil, Increasing the permeability of 
the core material increases the inductance of 
the coil, Use ofa powdered ironcore (indicated 
by the dotted lines between the windings as 
shown in Figure 35-3), ina miniature IF tran: 
former, increases the permeability and allows 
the required amount of inductance to be obtained 
with relatively few turns of wire. 

Miniature IF transformers are constructed 
so that the powdered iron core may be moved 
in and out of the area enclosed by the windings, 
This effectively varies the permeability of the 
core, thereby varying the inductance, For this 
reason miniature IF transformers are referred 
to as being PERMEABILITY TUNED, Whena 
transformer is permeability tuned the capaci- 
tance of the tank is usually a fixed value, how- 
ever, it is possible to have BOTH capacitive 
and permeability tuning. 

The Q of the transformer with no external 
load connected is called the UNLOADED Q. 
When used ae an interstage coupling device the 
primary of the transformer will be shunted by 
the output resistance (Rj)of the preceding stage 
and the secondary will be shunted by the input 
resistance (Rj) of the following stage. This 
situation is illustrated in Figure 35-3, The Q 
of the transformer with R, and Rj connected is 
called the LOADED Q. 

One of the functions of an interstage trans- 
former is to match the relatively low resistance 
Rj to the relatively large resistance Ro. This 
can be accomplished by selecting the proper 
turns ratio of the transformer primary (Lp) to 
the transformer secondary (Ls), Stated in the 
form of an equation: 





Ni = the transformer 
N2_ turns ratio 





Figure 35-3 - IF transformer - impedance 
matching, 


where: N] = the number of turns in the 
primary winding (Lp) 
Nz = the number of turns in the 
secondary winding (Lg) 


The turns ratio of a transformer may also 
be stated interms of the output and input resist- 
ances of the transistors, 


Nl « YRG/Ri (35-1) 
Nz 


where: R, = the output resistance (connected 
across primary) in ohms, 
R; = the input resistance (connected 


across secondary) in ohms 


° 





NOTE: The use of thie equation assumes unity 
coupling, which is permissible with a powdered 
iron core transformer. 

In order to demonstrate the use of an IF 
transformer as an interstage coupling device 
{and illustrate the effect of shunt resistances, 
reflected resistances, losses, circuit require- 
ments, etc. , on its configuration and operation) 
an example problem will be examined, 


Example problem: 


It is desired to use transformer coupling 
between two, CE, transistor IF amplifiers. The 
input resistance (Ry) of both transistors is 2 k 
ohms. The output resistance (R,) of both 
transistors is 40 k ohms. The frequency of 
operation of the IF stage is 450 kc, It was 
shown, in section 32-5, that when tuned circuits 
are cascaded the overall bandwidth becomes 
considerably less than that of any single tuned 
circuit, Since the overall bandwidth of the 
receiver should be approximately 10 ke the 
value of bandwidth for the tuned circuit in the 
example problem is arbitrarily chosen as 20 kc. 
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A3, Remain relatively constant due tothe action 
of C4. 


A4, Increase the Ep3 drop due to more current 
being drawn by the base-to-emitter junc- 
tion of Q). 





Determine the transformer turns ratio: 





% = VRo/Ri (35-1) 


Ny ,_ ao x 103 
No ¥ 2x 103 





Thus, in order to match the impedance of the 
two CE configurations, and thereby achieve a 
maximum transfer of power, a transformer hay- 
ing a turns ratio of 4, 47:1 should be used, 

Figure 35-4 shows a partial schematic (bias 
supplies, etc,, are omitted) of the two CE 
transistors and the interstage transformer, The 
circuit symbols used in Figure 35-4 are: 





Ry = the input resistance of Q2, 


Rij « the input resistance of Q2 reflected into 
the primary. 


Ro = the output resistance of Q). 
Lp = the primary inductance of T). 
Lg « the secondary inductance of T). 


Due to the impedance matching properties of 
the transformer, the Rj of 2 k ohms is made to 
appear in the primary as a parallel resistance 
R', of 40 k ohms. Since R'; = Ro, impedance 
matching has been accomplished, This will 
effectively lower the output resistance to half 
of its original value, or approximately 20 k 
ohms (product over the sum method). 

Since the transformer coupling of the example 
problem is being used in an IF stage, it must 
contain a resonant circuit. In order to deter- 
mine the value of capacitance needed to resonate 
with the primary inductance, at the IF frequency 





Figure 35-4 - Partial schematic of interstage 
coupling network, 


of 450 kc, Ly must first be determined. The 
reactance of the primary (Xj) can be deter- 
mined by the use of the following equation (the 
derivation of which is includedat the end of this 
chapter), 
XL, = Ro (Qe - Q7) (35-2) 
2QcQ7 





‘P 


where: Xp = reactance of the transformer 
primary in ohm! 





Ro = output resistance in ohms (use 
of this equation assumes 
R'; = Ro). 

Q_. = UNLOADED Qof the transformer 
primary. 


Qr = total Q of the circuit (LOADED 
Q of the transformer primary), 


In order to apply equation (35-2) one assump- 
tion must be made, That is, the unloaded Q 
(Qc) of the transformer primary is 50 (this is 
not unreasonable in view of the use ofa powder- 
ed iron core and other factors involved in the 
construction of a miniature IF transformer), 
Since the bandwidth (20kc) and the resonant 
frequency (450 kc) of the example problem are 
known, the loaded Q (Qy) of the circuit may be 
determined by rearranging the following equation 
and inserting known values. 


BW 7% (11-20) 


Solving for Q, which will be termed Qy: 


£ 
ar = fo_ 
a Ww 


wy 
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where: fo » resonant frequency in cps : 
BW = bandwidth in cps Xe- ste (10-24) 


Qr = previously defined 


Inserting values from example: 


4 
ap 43.10 
2 x 104 


Qy = 22.5 


Inserting known and assumed values in equation 
(35-2): 

X;_ = Ro (Qc - Qr) 35-2) 

Lp 2QcOp ee) 


XLp = 2x 50 x 22,5 


11 x 105 
XLp * 2.25 x 103 


Xp = 4-88 x 10% or 488 ohms 


Thus, the reactance of the transformer pri- 
mary is 488 ohms. 

The value of primary inductance (Lp) is 
found by rearranging the equation for X,: 


Xp 2 2nfL (9-26) 
Rearranging and inserting values: 


x 
Lp = XLp 
ant 





488 
‘p* Ctex 45 x 108 


Lp = 172.6 x 10-6 
Lp = 172, 6 microhenrys 


At resonance in a tuned circuit Xy, = Xc. 
Therefore, the capacitor used to resonant the 
tuned circuit will also have a reactance of 488 
ohms, 


The value of total capacitance tu be connected 
in parallel with Lp may be found by rearranging 
the equation for X¢: 


774-039 0- 63-8 


Rearranging and inserting values: 


Cp =) 
1 2aEXG 
1 
Cr: as 
T* Soe x 45 x 104 x 488 


Cry = 724 picofarads 


where: Crp = total capacitance needed for 
resonance (in farads), 


Xc¢ is in ohms and f is in cps. 


Figure 35-5 shows a partial schematic of the 
interstage coupling network, including the tank 
capacitance (Cp), and the transistor output ca- 
pacitance (Coe). Notice that the output capaci- 
tance (Coe) of transistor Q) appears in parallel 
with the tuned tank formed by Cp and Ly. Since 





Figure 35-5 - Partial schematic of interstage 
coupling showing Coe. 


capacitors in parallel add, the value of capacitor 
Cp will be the value of total capacitance MINUS 
THE OUTPUT CAPACITANCE Cog. 


NOTE: For purposes of simplicity only the 
two major capacitances Cp and Coe are being 
considered in this discussion, However, in the 
design ofa practical circuit, there will be addi- 
tional stray and reflected capacitances which 
appear inparallel with the primary and must be 
added to C, and C,, to obtain the total primary 
capacitance Cy. Usually these stray and re- 


liz 
flected capacitances are only a small portion of 
Cry and can, therefore, be neglected. If it is 
desired to include them, the value of Cg, may be 
increased by a small amount to represent their 
presence, 


It was determined, by use of equation (10-24), 
that the value of total capacitance needed for 
resonance is 724 picofarads. Since a nominal 
value of Coe is 40 picofarads, Cy will have a 
value of: 

Cp = Cr - Coe 


Cp = 724 x 10-12 -40 x 10-12 
Cp = 684 picofarads 


Although the interstage coupling network will 
function when connectedas shown in Figure 35-5, 
the operation will not be as efficient as nor- 
mally desired. The reason for this can be 
shown as follows, It has been stated that the 
selectivity ofa superhet receiver is determined 
mainly by the selectivity of the IF stages, Since 
the selectivity of a circuit is primarily a func- 
tion of circuit Q (Qr), it is desirable to have a 
relatively high circuit Q. Q is a direct function 
of the inductive reactance, and therefore the 
inductance, present in the circuit, Thus, if 
the primary inductance (L,) of the IF trans- 
former could be increased WITHOUT AFFECT- 
ING THE TURNS RATIO PREVIOUSLY ESTAB- 
LISHED, the Q (and thereby the selectivity) of 
the circuit would be considerably improved, The 
inductance of the primary winding can be in- 
creased by increasing the number of its turns, 
Ifcare is taken in the design and construction of 
the transformer, the number of turns can be in- 
creased without appreciably increasing the 
inherent resistance of the winding, However, 
to maintain the original turns ratio and imped- 
ance matching, the number of turns (hence the 
inductance) in parallel with Q)'s collector to 
emitter MUST REMAIN UNCHANGED, This is 
accomplished by TAPPING the winding as shown 
in Figure 35-6, Notice that the inductance of Lp 
is the same value as Lp). This indicates that 
the number of primary turns has been doubled. 
However, due to the action of mutual induction 
between the two sections, the inductance of the 
entire primary winding is NOT the algebraic 
sum of the two sections, The reason for this 
is shown by the following. 


From chapter on inductance (Chapter 9): 


Lr =Ly+ L2+2M (9-9) 
and: 





M=:=kYL)12 (9-7) 
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Figure 35-6 - Partial schematic of interstage 
coupling showing tapped primary. 


Since k has been assumed to equal unity (due 
to the use of a powdered iron core), and Lj is 
equal to L2 it follows that, in this case: 


Me1 Vy 


or: 
M = Ly (or L2) 


Thus, since the two coils are connected series 
aiding, use equation (9-9) with L) in place of M. 


Ly = Ly+Lg+2Ly 
or: 
Ly: 4L; 


Thus, the total inductance of the primary wind- 
ing in Figure 35-6 will be: 


Ly = 4% 172.6 x 10-6 
Ly = 690,4microhenrys 


NOTE: The simplification, Ly « 4Ly, only 
applies in a situation where k = 1 and Ly = La. 
If these conditions are not satisfied, then the 
complete equations (9-9) and (9-7) must be 
used, 


In order to maintain the original operating 
frequency (450 kc), the LC product must remain 
unchanged. Since the total inductance of the 
primary has been increased to a value four 
times as large, then the total capacitance of the 
primary (C7) must be decreased to a value one- 
fourth of its previous value. Therefore, the 
new value of Cy will be: 


4x 10-!2 
4 
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CT = 181 picofarads 


The effect of the transistor output capacitance 
willalso be reduced by a factor of four. There- 
fore, the new value of primary capacitance (Cp) 
will be: 

_ Coe 
a 


q 


= Cr 





= 181 x 10-12 _ 40 x 10-}2 
4 





Cp = 171 picofarads 


Figure 35-6 can be used to summarize the 
interstage coupling network. One function of 
the IF transformer is to provide impedance 
matching between the output impedance of one 
stage and the input impedance of the following 
stage. This is accomplished in Figure 35-6 by 
the 4, 47:1 turns ratio between the Lp] primary 
section and the secondary winding Ls. Notice 
that the portion of the primary winding between 
the collector and emitter of Q) determines the 
turns ratio, The Lp2 section of the primary 
does not enter intothe calculation of turns ratio. 

Another function of the IF transformer, and 
its associated tuned circuit, is to provide the 
selectivity for the receiver, It was shown how 
the relatively high Q, necessary for good select - 
ivity, was obtained by increasing the inductance 
of the primary winding while,at the same time, 
maintaining the impedance match through tapping 
the primary. 

An additional benefit gained is the reduction 
in the size of the capacitance used to resonate 
the transformer at the IF frequency, The re- 
duction in value permits the physical size of 
the capacitor to be reduced to the point where 
it can be included within the metal shield in 
which the IF transformer is enclosed, In order 
to reduce undesirable feedback, the magnetic 
flux produced by the transformer windings must 
be prevented from inducing currents and volt- 
ages in nearby wires and components, This is 
accomplished by surrounding the transformer 
with a grounded metal shield or "can, 


Q5. Two parallel resonant circuits are con- 
structed. In one circuit Ly -250microhenrys 
and Cr » 500 picofarads. In the other circuit 
Ly = 833 microhenrys and Cr = 150 pico- 
farads, Will the resonant frequency of the two 
circuits be approximately the same? Explain, 


Q6, If the value of transistor output capacitance 
(Coe) in the example problem of section 35-3 
were increased, would the primary tank capaci- 
tance (Cp) have to be increased or decreased 
to maintain the same resonant frequency? 


Explain. 


Q7, What would be the total inductance of a 
tapped primary winding (such as in Figure 35-6) 
if section Lp) = 100 microhenrys and section 
Lp2 = 300 microhenrys? Assume k = 1. 


BANDPASS CHARACTERISTICS OF 
IF AMPLIFIERS 


As stated previously, the IF amplifier has 
the function of determining receiver selectivity 
and providing the major portion of the receivers 
radio frequency amplification, An additional 
function of the IF amplifier is to preserve all 
the original modulating intelligence by main- 
taining a sufficiently wide overall bandwidth, 

Amplitude modulation of a carrier produces 
an upper and lower sideband frequency for every 
modulating frequency. These sideband fre- 
quencies are situated above and below the 
carrier, and are separated from the carrier by 
an amount equal to the original modulating fre - 
quency which produced them, Thus, if the 
highest audio frequency in the original modulat- 
ing signal were 8 kc, then an upper sideband 
frequency of the carrier PLUS 8 kc, and alower 
sideband frequency of the carrier frequency 
MINUS 8 kc would be present in the IF stage 
signal, Therefore, the overall bandwidth of the 
IF stage must be wide enough to pass these two 
sideband frequencies, and all sideband fre- 
quencies between them, with relatively equal 
amplification. For this particular application, 
the receiver would have tohavean overall band- 
width of at least 16 kc, The overall bandwidth 
thata receiver is requiredtohave is determined 
primarily by the job it is required to perform. 
For instance, a high fidelity receiver, which is 
required to reproduce the entire audiofrequency 
range, would by necessity have a wider band- 
width than a military communications receiver 
which is required to reproduce only voice fre- 
quencies, 

The purpose of the following sections is to 
illustrate how the overall bandwidth and response 
characteristics of the receiver may be altered 
by variations in the construction and tuning of 
the IF transformers, The various tuning meth- 
ods to be discussed are SINGLE TUNING, 
DOUBLE TUNING, and STAGGER TUNING. 


35-4, Resonant Circuit Recognition 


Before entering intoa discussion of IF tuning, 
a clarification of resonant circuit configurations 
will prove advantageous, In many cases a cir- 
cuit that appears to be a parallel resonant 
circuit, will, in actuality, be a series resonant 
circuit 

Specifically, a transformer coupled IF stage 
is just such a case. Consider the simplified 








ll4 
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A5. Yes, The LC product of the two circuits 
is approximately the same, therefore, 
the resonant frequency will be approxi- 
mately the same. 


Ab, Decreased, Cp = Cp - Coe- 


Aw Lr = 746.4 microhenrys, The inductance 
values of the two sections are not equal, 
therefore, equations (9-9) and (9-7) must 
be used to obtain the solution. 





Figure 35-7 - Simplified transformer coupling 
of resonant circuits. 


circuit of a transformer coupled IF amplifier 
in Figure 35-7, 

Recognition of series or parallel configura- 
tions of tuned circuits is simplified, when an 
obviously defined source of voltage exists. The 
primary circuit of the transformer in Figure 
35-7 has an obviously defined source of applied 
voltage (Eq). The voltage generator Eg rep- 
resents the voltage produced by an amplifier 
{electron tube or transistor) of which the tuned 
circuit is the load. The tank circuit components 
(Cp) and (Lp) are in parallel with Ea. Cp and 
Lp provide a parallel path for the flow of pri- 
mary current Ip, Therefore, the primary circuit 
of the transformer is a parallel resonant circuit 
because the voltage source is in parallel with 
the tank components, 

When the voltage source of the circuit is not 
clearly defined, the recognition of circuit con- 
figuration is more difficult, Consider the 
secondary circuit of the transformer in Figure 
35-7, At first glance it appears that the output 
is being taken across the parallel combination 
of Lg and Cg. However, when it is realized that 
the voltage source for the circuit is the induced 
voltage (represented by voltage generator 


EIND) of the secondary winding, it can be seen 
that there is only one path for current flow (Is) 
through C, and Lg, The source voltage (Epp) 
is effectively applied in series with the tank 
components. Therefore, the secondary circuit 
of the transformer is actuallya series resonant 
circuit with the output being taken across the 
capacitor. 

To simplify the discussion of transformer 
coupled tuned circuits, it is advantageous to 
have both the primary and secondary appear as 
the same configuration, Since any parallel 
circuit may be converted to an equivalent series 
circuit (section 12-7), the primary circuit is 
usually the one converted to an equivalent 
series circuit during the discussion of overall 
circuit response, 


35-5, Single Tuned Transformer Coupled 
IF Stage 


A SINGLE TUNED, transformer coupled, IF 
stage is one which contains only a single tuned 
resonant circuit, A single tuned IF amplifier 
stage was shown in Figure 35-1, Notice that 
the amplifier stage of Q; contains only one 
resonant circuit (C5 and the primary of T2). 

It has been shown that when a capacitance 
andan inductance are connected to form a tuned 
resonant circuit, this circuit will exhibit fre- 
quency discriminatory properties, In other 
words, the circuit will favor the development 
of voltage or current at frequencies within its 
bandpass and discriminate against frequencies 
that fall outside its bandpass. 

The behavior of a circuit, over a range of 
frequencies, is illustrated by a graph of voltage 
or current versus frequency, called a response 
curve, The response curve of a single tuned 
stage, illustrating the effect of circuit Q on 
voltage amplitude and bandwidth, is shown in 
Figure 35-8, Notice that the bandwidth BW 
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Figure 35-8 - Bandpass of single tuned high Q 
and low Q circuits. 
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(between the half-power points) of the lowQ The bandpass characteristics of a double 


circuit is much wider than the bandwidth BW2 
of the high Q circuit. Due to the slope of the 
sides of the response curves, frequencies falling 
outside the bandpass of the high Q circuit will 
receive greater attenuation with respect to fo 
than will frequencies falling outside the bandpass 
of the low Q circuit. Thus, a receiver employ- 
ing high Q circuits will have good selectivity. 
The method for achieving high Q tuned circuits, 
and thereby good selectivity in a transistor re- 
ceiver, was explained in section 35-3. The highQ 
curve in Figure 35-8 represents the response 
of only a single IF stage containing a single 
tuned circuit, It was shown (section 32-5) that 
when two or more amplifier stages or tuned 
circuits, all tuned tothe same center frequency, 
are connected in cascade (following one another), 
the overall bandwidth will be less than the band- 
width of any individual tuned circuit. There- 
fore, while the Qof the IF stages tuned circuits 
should be high, to provide good selectivity, they 
must not be so high as to reduce the overall 
bandwidth to the point where the sideband fre- 
quencies representing the highest modulating 
frequencies are attenuated, 

Use of the single tuned stage yields very 
satisfactory results in many applications. High 
gain is easily obtained, It is evident from the 
high peak at resonance and the steep slope of the 
curve for a high Q circuit (Figure 35-8) that 
selectivity is good. However, it is o evident 
(from a comparison of the amplitude of second- 
ary voltage at the resonant peaktothe amplitude 
of voltage at the 0. 707 points) that all frequen- 
cies within the bandpass will not receive equal 
amplification, The sideband frequencies, rep- 
resenting the low modulating frequencies (fre- 
quencies closest to f,), will be amplified toa 
greater extent than the sidebands representing 
the high modulating frequencies, 





35-6. Double Tuning of Transformer Coupled 
If Stage 


Th some applications (such as high fidelity 
receivers) the bandwidth requirements are such 
thata single tuned stage willnot be able to meet 
them, A specific application may require a 
wider bandwidth than is possible with single 
tuning. Another application may require that 
all sideband frequencies within the bandpass 
receive relatively equal amplification, Still 
another application may require a wide band- 
pass but also a high degree of selectivity for 
frequencies immediately outside the bandpass. 
These requirements can be satisfied by the use 
of DOUBLE TUNING in the IF stages. Double 
tuning refers to an interstage transformer in 
which BOTH the primary and the secondary 
contain resonant circuits, 


tuned stage depend on many things, among which 
are the coefficient of coupling (k) between the 
primary and secondary windings, the Q's of the 
primary and secondary circuits, and the mutual 
inductance, 

An important property of inductively coupled 
(transformer) circuits is mutual inductance 
(M). Mutual inductance (as explained in section 
9-16) is the common property of inductively 
coupled circuits that determines, for a partic- 
ular frequency and current in one circuit, the 
amount of mutually induced voltage in the other 
circuit, The following relation exists between 
the current and induced voltage in an inductively 
coupled circuit. 


Eg = 27{MIp (35-3) 


where: Eg = secondary voltage in volts 
{ = frequency in cps 

mutual inductance in henrys 
primary current in amps 





Ip 


This relation is similar to that for self- 
induced voltage (Eqyp). The equation for Eyyp 
is derived from Ohm's law for ac circuit 





E 
tee (9-27) 


Transposing for E: 


E:XpxI 
Since: Xp + 2rth 
Substituting: 
EIND = 27fLI (35-4) 


where: Eryp = self-induced voltage in volts 
f = frequency in cps 

L = inductance in henrys 
I = current in amps 

Although problems involving inductively 
coupledcircuits are very complex, they may be 
simplified to a certain extent if the following 
assumptions are made; 


1, When a secondary circuit, containing an 
impedance (Zs), is coupled to a primary 
circuit the effect on the primary is the 
same as if an equivalent impedance (Zc), 
herein after referred to as the coupled 
impedance, had been connected in series 
with the primary. The equation for the 
coupled impedance (derived at the end of 
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this chapter) is: 


zeo- 8 ai M)* 


2S (35-5) 
where: Zc = coupled impedance (a vector 
quantity). 
f£ = frequency in cps 
Mz: mutual inductance in henrys 
Zg = secondary impedance (a 


vector quantity), 


2, The secondary voltage (Es), induced by 
the primary current (Ip), has the value 
2m£MIp from equation (35-3) and lags 
the primary current by 90°. 


3, The secondary current (Ig) is that value 
of current that would flow inthe secondary 
if the primary were removed and the in- 
duced secondary voltage (Es) were applied 
in series with the secondary coil, 


The coupled impedance is a vector quantity 
of the form R plus or minus jX. The primary 
impedance is also a vector quantity of the form 
Rp plus or minus j Xp. Zc has the same phase 
angle as Zg but is of the opposite sign, This 
means that when Zc is assumed to be reflected 
in series with the primary, capacitive reactance 
in the secondary will be reflected as inductive 
reactance in the primary, and if the secondary 
exhibits inductive reactance it will be reflected 
to the primary as capacitive reactance, The 
total impedance of the primary (Zp!) will be the 
vector sum of the coupled impedance Zand the 
impedance of the primary circuit Zpconsidered 
by itself, 

It has been shown that mutual inductance is 
a direct function of the coefficient of coupling 
(k). In other words, if the coefficient of coupl- 
ing is very low, the mutual inductance will be 
low, the secondary impedance will have very 
little effect on the primary because Z¢ will be 
small (small value of M in equation 35-5), and 
the secondary induced voltage will be small 
(small value of M in equation 35-3), Therefore, 
a very small value of k will cause the primary 
and secondary circuits to behave essentially 
like two separate circuits. 

Increasing the coefficient of coupling will 
increase the value of mutual inductance and 
thereby, increase the value of coupled impedance 
in the primary and, UP TO A POINT (explained 
shortly), the induced secondary voltage will be 
increased, 

It has been stated that the bandwidth char- 
acteristics of a double tuned, transformer 
coupled, stage depend on part on the amount of 
coupling. This can be shown by use of the equiv- 
alent circuit and response curves in Figure 35-9. 
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Notice that the coupled impedance (ZC) is rep- 


resented as being in series with the primary 
circuit, Applied voltage (E,) and internal 
resistance (r) represent the amplifier (tube or 
transistor) voltage and resistance. Rpeq is the 
series equivalent of the original parallel circuit 
resistance. Rgeq is the equivalent resistance of 
the secondary circuit, It will be assumed, for 
purposes of explanation, that the primary and 
secondary circuits have identical Q's, both 
circuits are tuned to the same resonant fre- 
quency, and the amount of coupling between the 
circuits is variable (by physically moving the 
coils). It will also be assumed that the Q of 
both circuits is held constant for all values of 
coupling. 

To demonstrate the effect of coupling vari- 
ations, the circuits are first moved far enough 
apart so that very little coupling takes place 
(low value of k). This condition is called 
LOOSE COUPLING. With loose coupling, there 
is very little transfer of energy between the 
primary and secondary circuits, The value of 
induced secondary voltage (Es) is small be- 
cause the value of mutual inductance (M) is 
small, The low value of M also causes the 
value of Z¢ to be small (according to equation 
35-5). The small value of Zc has very little 
effect on the operation of the primary circuit, 
Due to the small amount of interaction between 
the primary and secondary, the two circuits 
behave essentially as if they were separate 
tuned circuits, Except for the slope of the 
sides being slightly steeper, the response curve 
for loose coupling in Figure 35-9 is the same as 
for a single tuned circuit, 

As the coefficient of coupling is increased 
(the circuits are continually moved closer 
together), the value of mutual inductance in- 
creases, This continually increases the amount 
of voltage induced in the secondary winding. The 
value of the coupled impedance is also increas- 
ing, and due to its effect on the primary current, 
the response curve becomes wider (bandwidth 
increases). 

As the coefficient of coupling is continually 
increased Z¢, whichis resistive at the resonant 
frequency, continues to increase until eventually 
a value of coupling is reached where Z¢ equals 
the equivalent resistance of the primary (Rpeq)- 
This condition is called CRITICAL COUPLING 
(k<) and since at this point the reflected resist- 
ance matches the primary resistance there is 
a maximum transfer of energy between the 
circuits, Thus, the induced secondary voltage 
is at its maximum value, as shown by the re- 
sponse curve for critical coupling in Figure 
35-9. Notice that the critical coupling curve is 
flattened slightly ontop. At resonance both 
primary and secondary circuits appear resist- 
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Figure 35-9 - Equivalent double tuned cir- 
cuit and response curves. 


ive, However, at frequencies above resonance, 
a series circuit appears inductive, and at fre- 
quencies below resonance a series circuit 
appears capacitive. It was stated that if the 
secondary circuit appeared inductive the im- 
pedance coupled into the primary would have the 
same phase angle but would appear capacitive 
in nature, In a single tuned circuit at frequen- 
cies slightly off resonance, the primary current 
begins todecrease, however, adifferent situation 
exists in double tuned circuits, At frequencies 
above resonance, the primary circuit (consider- 
ed here as an equivalent series circuit) takes 
on inductive characteristics, however, the 
capacitive portion of the complex coupled im- 
pedance (ZC) will cancel a portion of the pri- 
mary inductance, This will, ineffect, reresonate 
the circuit at a slightly higher frequency, or it 
could be said to extend the resonant condition 
of the circuit slightly beyond fo. A similar 
action takes place below resonance, where the 
primary circuit begins to appear capacitive, 
the coupled impedance appears inductive in 
nature andcancels some of the primary capaci- 
tance, It could also be said that this action 
extends the condition of resonance slightly 
below f,, In any case, the result is to cause 
the primary current to remain high within most 
of the bandwidth (as shown by the flat top of the 
critical coupling response curve). 

Critical coupling (kc) has been definedas that 
value of coupling (k)at which maximum transfer 
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ot energy between primary and secondary is 


achieved. Critical coupling is determined, 
mathematically, by the following equation (the 
derivation of which is not presented): 


= 


oa (35-6) 
VY Qp x Qs 


Ke 


where: k, = critical coupling (a decimal number 
between zero and one). 

Qp and Qs = primary and secondary circuit Q 
respectively. 


When Q=Qp=Qs the above equation may be 
reduced to; 


k (35-7) 


1 
cla 


Use of the above equations indetermining the 
critical coupling factor of a circuit is shown by 
the following example. Assume that the value 
of Q = Qp= Qs for the circuit in Figure 35-9 
is 50, Since the primary and secondary circuit 
Q's are equal, equation (35-7) may be used (if 
Q's were NOT equal, equation (35-6) would be 
used). 

(35-7) 





1 
Q 





<* 30 
k, = 0,02 


When the value of coupling k equals the value 
of critical coupling kg, the ratio of k to k, will 
be one: 


when k = kc: ke 1 

The response curves of Figure 35-9 are 
representative of any double tuned circuit (as- 
suming Qp and Qg equal 25 or greater). There- 
fore, determining the value of kc, and then solving 
the given ratios of k/k, for k, will permit de- 
termination of the value of coupling needed in a 
circuit to obtain a response curve similar to 
those shown, 

For instance, using the value of k, = 0,02 
determined above, it is desired to find the value 
of k which will give the loose coupling response 
curve shown in Figure 35-9, Transpose the 
ratio k/ke = 0.1 for k: 


k2O1xke 


Insert known values and solve: 
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k= 0,1 x 0,02 


k = 0.002 





a coefficient of coupling for this par- 
ticular circuit (assumed Q of 50) of 0,002 will 
give a single peaked resonance curve of the 
relative amplitude and bandwidth of the loose 
coupling curve, For values of k between 0. 002 
and 0, 02, the amplitude and bandwidth will con- 
tinue to increase until the critical coupling curve 
is obtained. Changing the value of primary and 
secondary circuit Q will cause the value of k 
and k, to change but the appearance of the curve 
for a specific ratio will remain the same. 


Q8, Determine k and ky for a circuit where Qp 
= Qg = 80 when a response curve similar to the 
loose coupling curve (k/ke = 0, 1) is desired, 





Whenthe coefficient of coupling is increased be- 
yond the value of ke, the value of primary current 
at resonance begins to decrease. This is caused 
by the continued increase of the coupled imped- 
ance (which at resonance is resistive) and is 
indicated by the dipin the response curve, at fo, 
of the OPTIMUM COUPLING curve in Figure 
35-9, It can be seen that the points above and 
belowfo, at which the primary circuit reactances 
and the reflected reactances of Zc reresonate, 
have moved further apart, The value of k for 
which optimum coupling is achieved is twice the 
value of kc, Therefore, the coefficient of coup- 
ling (in the circuit where Kc = 0,02) needed to 
obtain a curve similar to the optimum coupling 
curve is determined by use of the k/k, ratio: 


22 


ole 


Transpose and insert values 
k = 2x 0,02 
k = 0,04 


A continued increase in the coefficient of 
coupling will result in further reduction of the 
gain at resonance and a further increase in the 
distance between the two resonant peaks (above 
and below f,). The circuits are now said to be 
OVER COUPLED and the overall response of 
the stage will take on the appearance of the 
double humped curve in Figure 35-9. 

In electron tube IF stages, where the plate 
and grid resistances are very high, the voltage 
gain of one double tuned stage for the condition 
of critical coupling (assuming Qp = Qs) is approx- 
imately half of that for one single tuned stage. 


In transistor IF stages (where the output and 
input resistances are relatively low) this approx- 
imation will not always be true. However, it 
can be said that double tuned stages will yield 
less voltage gain per stage than single tuned 
stages (per stage) PROVIDING THE BANDPASS 
OF THE TWO STAGES ARE THE SAME. Com- 
paring two cascaded single tuned stages to two 
cascaded double tuned stages, the single tuned 
stages will have only slightly more gain per 
stage than the double tuned stages, As additional 
stages are added, the double tuned stages will 
have more voltage gain PER STAGE than the 
single tuned stages, The reason for this is seen 
in the qualification that the overall bandpass of 
the two types of circuits MUST BE THE SAME. 
The only way the bandpass of the single tuned 
stages can be increased, in order to match that 
of the double tuning, is to decrease the Q of the 
single tuned circuits, which will, of course, 
decrease the gain per stage of the single tuned 
circuits. 

For double tuned circuits, the bandwidth is 
determined primarily by the value of coupling, 
while the depth of the valley between the res- 
onant peaks (and hence the uniformity of re- 
sponse) is determined by the relation of Q to k. 
Thus, if the circuit is operated with a value of 
coupling greater than critical, and k is held 
constant, a large Q means a deeper valley and 
a small Q means less of a valley. 

From the foregoing it can be seen that the 
desired response curve is a compromise and is 
achieved by the proper manipulation of BOTH k 
and Q because they are interrelated, 


Q9. An optimum coupling response curve is 
desired for a double tuned circuit where Qp = 
90 and Qg = 40, Determine the approximate 
value of coupling (k) necessary. 


35-7. Stagger Tuned IF Stages 


Inthe previous sections, two methods of tuning 
the IF stages were discussed, It was shown that 
single tuning of the IF stages provided large 
voltage gain per stage. However, it was also 
stated that the large voltage gain of single tuning 
is possible only with a relatively narrow band- 
width and relatively high Q's. A wide bandpass 
can only be obtained, using single tuning, with 
a sacrifice of selectivity and gain, It was also 
pointed out that with single tuning the frequency 
response within the bandpass is not uniform. 

It was then shown that it is possible to obtain 
a wide bandpass, while maintaining good selec- 
tivity, and an improvement in uniformity of 
response within the bandpass, by use of double 
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tuning. However, double tuning does not pro. 
vide the voltage gain that the narrow band single 
tuning does, 

A third type of tuning, called STAGGER 
TUNING, is available which combines the gain 
of the single tuned stage with the wide, uniform, 
bandpass of the double tuned stage, The res- 
onant circuits in stagger tuned, transformer 
coupled, IF stages are isolated from each other 
so that no mutual coupling takes place between 
them, The isolation is necessary since each 
resonant circuit must have the characteristics 
of a single tuned circuit, 

In previous types of tuning the resonant cir- 
cuits were all tuned to the same frequency. In 
stagger tuning two transformer coupled IF 
stages, the two tuned circuits (one in each stage) 
are each tuned to adifferent resonant frequency, 
one slightly above the receiver IF frequency and 
the other slightly below the receiver IF fre- 
quency. 

Figure 35-10 shows a simplified diagram 
(power supplies, biasing networks, neutralizing 
capacitors, etc, omitted) of a two stage, trans- 
former coupled, stagger tuned IF section of a 
receiver, When tuned in this manner the stages 
are often called a STAGGERED PAIR. 








Figure 35-10 - Staggered pair IF amplifiers 
(simplified schematic). 


Notice that, although the IF frequency of the 
receiver is 450 kc, tuned circuit number one 
(L} and Cj) is tuned to a resonant frequency of 
443 kc, while tuned circuit number two (Lz and 
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C2) is tuned to a resonant frequency of 
In the following discussion it is assumed that 
the frequency response and amplification of 
transistors Q) and Q2 are identical, although 
in actuality there will always be some differ- 
ences due to manufacturing tolerances. It will 
also be assumed that the Q and frequency re- 
sponse of the two tuned circuits are identical. 
Since there is no inductive coupling between tun- 
ed circuit number one and number two, each 
circuit will have the frequency response and 
characteristics of a single tuned circuit. 
Figure 35-11A illustrates the individual re- 
sponse curves of the two tuned circuits. Circuit 
number one is tuned below the IF frequency of 
the receiver by 7 kc and has its resonant peak 
at 443 kc, The circuit is so designed to have a 
bandwidth (BW) of 14kc, This is evident by 
the fact that the 0, 707 (half-power) points occur 
at 436 ke and 450 ke respectively, It is sig- 
nificant that the UPPER half-power point of 
tunedcircuit number one occurs at the receiver 
IF frequency. The relative gain of circuit #1 
at its resonant peak (f91) of 443 kc is approxi- 
mately 140 (139,69). The relative gain at the 
half-power points is very close to 100 (98. 69). 
Figure 35-11A shows tuned circuit #2 as having 
its resonant peak (f92) at 457kc, The LOWER 
half-power point of circuit #2 occurs at the re- 
ceiver IF frequency and its upper half-power point 
occurs at 464 kc, The bandwidth(BW2)is also 
14kc, It might appear, at first glance, that 
the overall bandwidth of the staggered pair will 
be BW plus BW2, or 28 kc, however, this is 
not the case (as will be shown shortly), The 
amount of amplification, or gain, that a signal 
receives in passing through a number of stages 
is the product of the gain of the individual stages. 
One method of obtaining an overall response 
curve of two or more amplifier stages in series 
is to applya number of individual frequencies to 
the input of the cascaded stages and plot the rel- 
ative amplitude of the output for each frequency, 
When all these plotted points are connected to- 
gether the resultant will be the overall response 
curve of gain versus frequency, If the relative 
gains of the individual stages, over a band of 
frequencies, are known, the overall response 
curve may be plotted directly from this data, 
Thus, the overall response curve of the stag- 
gered pair of IF amplifiers (Figure 35-10) ma: 
be plotted from the individual response curves 
of Figure 35-11A. For example, the upper 
half-power point of circuit #1 and the lower 
half-power point of circuit #2 coincide at the 
IF frequency of 450 kc, Since the gain of each 
circuit at the 0.707 point is slightly less than 
100, the overall gain of the staggered pair at 
the receiver IF frequency of 450kc will be slightly 
less than 100 x 100 = 10,000 (actually 9739. 7), 
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AB, Ke = 





. 0125; k = 0.00125, 


AQ. By equation (35-6)k, equals approximately 
0.0167, For optimum response k/ke = 2. 
Therefore, k equals approximately 0, 0334, 
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Figure 35-11 - Response curves of staggered 
pair IF amplifiers. 


This point is shown as the resonant peak of the 
overall response curve in Figure 35-11B. Go- 
ing above the receiver IF frequency to the res- 
onant frequency of circuit #2 (457 kc) it is seen 
that the gain of circuit #1 has decreased con- 
siderably (down to 60) while the gain of circuit 
#2 is at its maximum point. The overall gain 
at457 ke will be approximately 140 x 60 = 8, 400 
or (8.4.x 103), As the frequency is increased 
past this point it can be seen that the gain of 
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both circuits is decreasing. When the upper 
half-power point of circuit #2 (464 kc) is reached 
the overall gain of the staggered pair will be 
approximately 100 x 42.5 = 4,25 x 103, which 
is well below the half-power point of the overall 
response curve. 

Points for the overall response curve below 
the receiver IF frequency are plotted in the 
same manner. Notice, that for a short dis- 
tance above and below 450 kc the increasing 
gain of one tunedcircuit and the decreasing gain 
of the other tuned circuit cause the overall re- 
sponse curve to maintain a relatively flat top. 
The rapidly decreasing gain of BOTH circuite 
after the individual resonant peaks have been 
passed cause the bandwidth of the overall re- 
sponse curve to be less than the sum of the 
individual bandwidths, 

When the upper half-power point of one tuned 
circuit coincides with the lower half-power point 
of the other tuned circuit, in a staggered pair, 
the overall response curve will be similar tothe 
critical coupling response curve of a double tuned 
stage, and the overall bandwidth will be 1,414 
TIMES THE BANDWIDTH OF ONE OF THE 
TUNED CIRCUITS. Therefore, as seen in Fig- 
ure 35-11B, the bandwidth of the staggered 
pair (when the half-power points overlap) is 
1.414 x 14 x 103 = 19,796 x 103, or approxi- 
mately 19,8 kc, 

Varying the resonant frequencies of the two 
tuned circuits, in respect to the receiver IF 
frequency, will vary the overall response curve 
and bandwidth, 


Q10, Ifthe individual tuned circuits of a stagger- 
ed pair were tuned further above and below the 
receiver IF frequency than in Figure 35-11A, 
would the overall gain of the pair increase or 
decrease? 


35-8. Output Coupling 


As stated previously, the output of a tran- 
sistor IF amplifier may be transformer coupled 
to either another IF amplifier stage or to a de- 
tector stage. Although the method of coupling 
is the same, the characteristics of an IF trans- 
former feeding a detector stage are slightly 
different than those of a transformer feeding 
another IF stage. The main difference being 
the slight variation in turns ratio, coefficient of 
coupling, etc., to facilitate impedance match- 
ing. This is caused by the fact that the input 
impedance of the detector stage is usually lower 
than that of an IF amplifier. 


35-9, Derivation of Primary Reactance Equation 
The derivation of equation (35-2), used in 
section 35-3, is hereby given. 
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The first step in deriving equation (35-2) is 
to change the partial schematic of the inter- 
stage coupling network, Figure 35-12, into an 
equivalent circuit, 





Figure 35-12 - Partial schematic of interstage 
coupling network, 


NOTE: The symbols used in Figure 35-12 are 
explained in section 35-3 (in relation to Figure 
35-4), 


Figure 35-13 is the constant current equiva- 
lent of the interstage coupling network as seen 
by the collector of Q), 





Figure 35-13 - Constant current equivalent of 
interstage coupling network. 


The equivalent resistance of Rg and R'; may 
be found by the product over the sum method: 





However, for MAXIMUM transfer of power, 
Rg must equal R'j, Therefore, when Rg = Rj, 
the equivalent resistance, is half of either one: 








Thus, the constant current equivalent circuit 
is simplified by substituting R,/2 for the parallel 
combination of Ro and R';, and becomes Figure 
35-14A, 

Since a constant current equivalent circuit 
is being used, it is more convenient to consider 
the inductor as a parallel RL circuit than as a 
series RL circuit. Thus, branch B of Figure 
35-14A is replaced with a parallel RL circuit, 
wherein XLP represents the inductive reactance 
of the coil and Rc represents the losses of the 
coil, The equivalent circuit now appears as in 
Figure 35-14B, In this equivalent circuit, Ro/2 





Figure 35-14 - Simplified constant current 
equivalent circuit, 


represents the transistor Q)'s output resistance 
in parallel with the reflected input resistance of 
transistor Q), The primary winding of the in- 
terstage transformer is represented by the 
parallel combination of Rc and Xy,,. 

The Q of the coil alone (Qc) is determined 
as Rc/X,, (since the resistance of the coil is 
considered to be in parallel with the coil. As 
an equation: 


Qc 


The Q of the entire circuit must be computed 
using Ro/2 as well as Rc, since, in the com- 
plete circuit, both of these resistances are in 
parallel with X;p. By the product over the sum 
method, the total resistance (Ry) of the equiva- 
lent circuit (Figure 35-14B) is: 
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Al0, Decrease. Because the product of the 
individual gains at any frequency would 
be less, 


—— 
Simplifying the numerator: 
Ro Re 
Ry = ——4——_ 
¢) +Re 
2 
Simplify the denominator by finding the LCD: 
Ro Rc 
Ra 
T*Rot2Re 
z 


Inverting the denominator and multiplying: 


Ry «Ro Rc (35-8) 
Rot2Rc 


The total Q of the entire circuit in equation 
form is: 


ar = Rr (35-9) 
XL 


Substituting equation (35-8) into equation 


(35-9) in place of Rp yields: 


Ro Rc 
Qy - Rot2Re 
XL 


Inverting the denominator and multiplying: 


Qy7 = _RoRe x _1 (35-10) 
Rot2Rc XL 


It was shown previously that: 


R, 


Transposing for Rc yields; 


Ro = Qc X, (35-11) 


Substituting equation (35-11) into equation 
(35-10) in place of RC yields: 


Re Qc Xy 1 


Or Ror ede XE * RL 
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Cancelling X's: 


a, -—Ro Qc 
T = Rot 2QcXL 


It is desired to solve the above equation for Xp. 
First, multiply both sides by (Ro+ 2 Xc¢ Xz): 


Qz (Ro +2 QC XL) = Ro Qc 
Expanding the left side: 

QP Ro +2Qz QCXy = Ro QA 
Subtracting Qy Ro from both sides: 

2Q7 Qc Xp = RoQc - QTR, 
Dividing both sides by 2 Q7 Qc: 


X, = Ra@e - Or Ry 
2QzQC 


Factoring R, in the numerator yield 





x, - Ro {@c - Qr) 
L =~ 2Qr Qc 


Considering X, as the inductive reactance of 


the primary and designating it Xy., yields 
equation (35-2) as used in section 35-5. 
Xip : Re l@c- (35-2) 


The great advantage of equation (32-2) lies in 
the fact that the required reactance for the tank 
inductance can be determined through use of a 
few easily acquired quantities, specifically, the 
transistor output resistance (Rg), the Q of the 
primary winding (Qc), and the desired overall 
circuit Q (Qy). 


3 Derivation of Coupled Impedance 


This section is devoted to the derivation of 
the equation (35-5) for coupled impedance (Zc). 


2 
Zed eo (35-5) 








Equation (35-5) is derived from the relation 
that (in a mutually coupled circuit) a voltage, 
Emp, is induced in the primary by the secon- 
dary current Ig (just as a voltage is induced in 
the secondary by the primary current). The 
RATIO of the voltage (E\yp) induced in the pri- 
mary (by the presence of the secondary) to the 
primary current (Ip) is called the coupled im- 
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pedance (Zc), In equation form: 


Zo = EMP 35-12 
iG ip ( ) 


The mutual voltage (E\p) induced in the pri- 
mary by the secondary is equal to the product 
of the secondary current (Ig), the mutual in- 
ductance (M), the frequency (f), and the constant 
2m, In equation form: 

Emp = 2Tf£MIg (35-13) 

Substituting equation (35-13) into equation 
(35-12) yields: 


Zc AIMS (35-14) 
Ip 
Applying Ohm's law to the secondary: 
Es 
Ig 2 ES. 35-15 
IS* Zs ( ) 


Substituting (35-15)for the secondary current 
in equation (35-14) yields: 


2m ES 
s zs 


Ip 


Ze (35-16) 


The mutually induced secondary voltage (Es) 
is equal to the product of the primary current 
(Ip), the mutual inductance (M), the frequency 
(f), and the constant 27. This was introduced 
in section 35-6 as equation (35-3): 


Eg - 20£MIp (35-3) 


Substituting equation (35-3) in equation (35-16) 
yields: 


2g 2 2tiM 2EEMI 
eB 
Ip 


Inverting the denominator yields: 


_ (27£M) (27£MIp) , 1 
Zc= ee > 
Multiplying: 


2 
2c: 2m £M)* Ip 


ZsIp 


Cancelling Ip yields equation (35-5)as used in 
section 35-6, 


2 
Zoe eeimy (35-5) 
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EXERCISE 35 


Is the value of intermediate frequency the 
same in every receiver? Explain, 

Explain the main disadvantages of a low 
value of intermediate frequency. 

Why are the CB and CC configurations sel- 
dom used as IF amplifiers in a transistor 
receiver? 

Whatare the advantages of using more than 
one stage of IF amplification? 

Is it possible for the LC product of a 200 
ke resonant circuit to be the same as the 
LC product of a 300 ke resonant circuit? 
Explain, 

What is meant by permeability tuning? 
Explain the difference between the loaded 
and unloaded Q of an IF transformer, 
Determine the turns ratio of a transformer 
used to match the 4 k ohm input resistance 
of a transistor to the 55 k ohm output re- 
sistance of another transistor, 

What is the necessary value of input re- 
sistance (R;) for maximum power transfer 
if a transformer having a turns ratio of 
5:1 is used with a transistor having an out- 
put resistance of 50 k ohms? 

What is the value of primary reactance in 
a transformer coupled, 465 kc, IF stage 
when Rg = 30k ohms, BW = 30 ke and the 
unloaded Q of the transformer is 70? 

What is the value of primary inductance 
for the IF stage of question 10? 

What value of total capacitance (CT) would 
be needed to resonate the IF stage of ques- 
tion 10? 

Assume the transistor output capacitance 
(Coe)in question 10 is 44picofarads. What 
value of primary capacitance (Cp) would 
be connected across the transformer pri- 
mary? 

Explain why the total inductance of a tapped 
coil is not the algebraic sum of the individual 
sections. 





15, 


16, 
17%. 
18, 
19, 
20, 
21. 
22. 
23. 
24, 


25. 


26. 


27, 


28, 


29, 


30, 


Explain the reasons for, and the advantages 
of, using a tapped transformer in the IF 
section of a transistor receiver. 

Explain why the selectivity of a high Qcir- 
cuit is better than that of a low Q circuit, 
What are some disadvantages of an ex- 
tremely high Q circuit when used in an IF 
stage? 

Explain the term "coupled impedance. " 
Explain what is meant by the term "loose 
coupling. " 

Why do circuits that are loose coupled be- 
have essentiallyas separate tuned circuits? 
Define critical coupling. 

If high Qcircuits are used will the value of 
critical coupling (kc) be large or small? 
Explain, 

Explain the reason for the flattening of the 
top of the critical coupling response curve, 
Explain the reason for the slight dip in the 
optimum coupling response curve. 

Explain over coupling. Will the ratio k/k, 
be more than one or less than one when 
circuits are over coupled? 

What primarily determines the depth of 
the valley in a double tuned, over coupled, 
circuit, 

What is meant by stagger tuning? 

What are the main advantages of staggered 
pairs? 

Assume the upper half-power point of one 
circuit and the lower half-power point of 
another, in a staggered pair, overlap, Why 
6 the voltage gain within the overall band- 
pass GREATER than that of either circuit 
alone? 

Why would the overall bandpass of the stag- 
gered pair in question 29 be LESS than the 
sum of the bandpass of the two circuits? 

















CHAPTER 36 


SOLID STATE DETECTOR 


DETECTION, or DEMODULATION, is the proc- 
ess of recreating the original modulating 
frequencies (intelligence) from the radio fre- 
quencies present in the composite IF signal. 

When a radio signal is amplitude modulated, 
the intelligence is contained in the relationship 
between the carrier and sideband frequencies. 
Applying the composite IF signal to a circuit 
containing a non-linear conducting device (or 
non-linear impedance) allows recreation of the 
original modulating signal. The circuit, inwhich 
this recreation is accomplished, is called the 
DETECTOR or DEMODULATOR. 

The term demodulator is used because the 
process of detection is considered to be the op~ 
posite of modulation, The non-linear conducting 
device used in solid state detector circuits may 
be eithera PN junction diode or the input junction 
ofa transistor, The IF signal consists of many 
radio frequencies which continuously shift in 
phase with respect to each other. Graphing the 
instantaneous sums of these frequencies with 
respect to time will result in a symmetrical 
radio frequency envelope. The amplitude vari- 
ations in the positive half of this envelope are 
equal and opposite to the amplitude variations in 
the negative half of the envelope. Thus, the 
average value of the composite IF signal is zero. 
As long as the average value of the signalis zero 
no useful energy may be extracted. The non- 
linear characteristics of the detector circuit will 
cause the IF signal to be distorted, the positive 
half cycles will be different than the negative half 
cycles (or vice-versa depending on the connection 
of the diode), The distortion introduced by the 
detector circuit will cause the average value of 
the waveform to be other than zero and vary in 
accordance with the original modulating signal. 
The output of the detector (before filtering) will 
contain, in addition to the carrier and sideband 
frequencies, the original modulation frequen- 
cies. 

This chapter will discuss the theory and 
operation of series and shunt detectors using a 
PN junction diode as the non-linear device. Next 
a detector circuit utilizing a transistor as the 
non-linear device will be discussed. Finally, 
methods of output coupling and obtaining an 
automatic volume control voltage will be ana- 
lyzed. 
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36-1. Solid State Diode Detectors 

Broadcast band receivers, along with many 
other types of receivers employing the super- 
heterodyne principle of reception, make exten- 
sive use of solid state diodes in the detector stage. 
The reason for their popularity stems from the 
fact that they are; space saving due to their small 
size, require no power supply for operation, ex- 
hibit a low internal capacitance and low dynamic 
resistance. 

Diode detector circuits produce an output volt- 
age and current which varies inaccordance with 
the original modulating signal. 

The symmetrical radio frequency waveform, 
which is the output of the IF stage, is the input 
waveform to the detector stage. 


36-2. Series Diode Detector 

The circuit in Figure 36-1 shows the output 
of the IF amplifier being inductively coupled to 
the input of the SERIES DETECTOR stage. This 
circuit is called a series detector because the 
diode is in series with the load resistor Ry. 
The voltage which is developed across the sec- 
ondary tuned circuit of T| is nowthe source for 
the detector, When the resultant RF variations 
of the input signal cause the top of the secondary 
tuned tank to assume a positive potential, diode 
CR) will be forward biased, Conduction of the 
diode will cause current to flow in the direction 
indicated (arrow in Figure 36-1), The current 
will cause voltage drops across Ry and CR with 
the polarities shown, The forward biased re- 
sistance of CR, will bea small percentage of the 
resistance of RL. Thus, during the conducting 
half cycle of the circuit, the greatest percentage 
of the source voltage will appear across Ry as 
output voltage E,y;. Due to the heterodyning 
action of the applied signals within the diode the 
output will be a composite waveform containing 
voltage pulses at many frequencies, of which the 
predominant components will be the original 
carrier and sideband frequencies plus their sums 
and differences. All of these voltage pulses are 
represented in the output waveform (Figure 36-1) 
as the resultant RF voltage pulses. Positive 
pulses only appear in the output waveform be- 
cause CR] does not conduct when the resultant 
RF variations of the input signal are going through 
their negative alternations. The average output 
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MODULATION RESULTANT RF = RESULTANT RF. 
ENVELOPE VARIATIONS VOLTAGE PULSES: 


AVERAGE 
VOLTAGE 


INPUT VOLTAGE 


WAVEFORM, Ey 





Figure 36-1 - Series diode detector with 
resistive load. 


voltage (average of the resultant RF voltage 
pulses) will vary in accordance with the original 
modulating signal, Although there is a usable 
audio voltage component present in the output it 
is very small in magnitude. 

Detector circuit efficiency (not to be confused 
with power efficiency) is determined by the 
amount of de voltage developed across the load 
resistor for a given peak value of ac voltage in- 
put. This is expressed in the form ofan equation 
as: 


Rect, eff, = Mcoutput volt. 199 (36-1) 
ac input volt, 


Where: 


Rect. eff. = the percentage of circuit 


rectification efficiency 


dc output volt. = the de voltage developed 
across the diode load 


resistor. 


ac input volt, = the peak amplitude of the 


applied ac voltage. 


Equation (36-1) can be used to determine the 
efficiency of the circuit in Figure 36-1. For 
simplicity it will be assumed that the input to 
the detector is an UNMODULATED (constant 
amplitude) carrier of 10 volts peak amplitude. 
Since the forward resistance of CR, is very 
small in comparison to the resistance of Ri. 
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Virtually all of the rectified voltage will appear 
across RL. For example, for an input of 10 
volts peak the peak amplitude of the voltage 
pulses across Ry will be approximately 9.9 
volts. The action of the diode detector circuit is 
similar to that of a half-wave rectifier power 
supply. Therefore, the average, or dc, output 
voltage will be: 


Eay = 0.318 x Eppay 


0.318 x 9.9 


Eav 


3.15 volts 


Fay 
Inserting values in equation (36-1). 


% Rect. eff, = Sc output volt. x 199 (36-1) 


ac input volt. 


3.15 


% Rect. eff. = x 100 





% Rect. eff. = 31.5% 


It can be seen thatthe rectification efficiency 
of the diode detector with only a resistive load 
is very poor. 

The efficiency of the circuit canbe improved 
considerably by connecting a capacitor, of the 
proper value, in parallel with the load resistor. 
An arrangement such as this is shown in Figure 
36-2, Before examining the circuit efficiency 
with the capacitor added a brief description of 
circuit action will be given. 


OUTPUT VOLTAGE 
WAVEFORM, EQuT 


Figure 36-2 - Series diode detector with 
capacitor added. 
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When the input signal causes the top of Tj's 
secondary tank to become positive CRI will be 
forward biased. Current, indicated by the solid 
arrows in Figure 36-2, will flow from the bottom 
of the tank, through the parallel combination of 
RL and C], through CR| and back to the top of 
the tank. Since the only resistance inthe charge 
path of C] is the low resistance of the diode, C1 
will charge rapidly to almost the peak value of 
the voltage dropacross Rj. As the input signal 
decreases and reverses polarity the voltage 
developed across the tank decreases, CR} 
will cease to conduct and C will begin to dis- 
charge in an attempt to maintain the value of 
voltage established across RL. However, the 
only path available for the discharge current of 
C, is through the load resistor Rp. The charge 
time of C1 is short due to the low resistance of 
CR, while the discharge time is long due to the 
relatively large resistance of RL. The pulses 
that control the conduction of CR} occur at the 
intermediate frequency. Therefore, C) will 
lose only a small percentage of its charge be- 
tween pulses. This will cause the output voltage 
to follow the peak value of the rectified voltage 
very closely, as seen by the output waveform in 
Figure 36-2. It must be realized that the pulses 
in the waveform are expanded tremendously for 
the purposes of illustration. The sawtooth 
appearance, which depicts the charge and dis- 
charge of the capacitor, would not be visable in 
the actual output waveform. 

Comparison of the output waveforms for a 
diode detector with, and without the capacitor 
shows that the voltage in both cases varies in 
accordance with the original modulating signal. 
However, the addition of the capacitor causes a 
greater magnitude of voltage and a more faithful 
reproduction of the modulating signal. 

An example problem will be used to show how 
the addition of a capacitor improves the efficiency 
of the diode detector circuit. For simplicity it 
will again be assumed that the input to the de- 
tector isan UNMODULATED carrier of 10 volts 
peak amplitude. The voltage divider action of 
RL and CR] will again cause the peak amplitude 
of the voltage across RL to be approximately 
9.9 volts. C1 will charge very close to this 
value. Due to the action of C| and Ry, in main- 
taining the value of voltage between charging 
pulses the average dc output voltage will remain 
at approximately 7. 8 volts. 


Inserting values in equation (36-1) yields: 


% Rect. eff, = Sc output volt. 199 (36-1) 


ac input volt. 


% Rect. eff. 





% Rect. eff. = 78% 


774-639 0-63 = 9 


The rectification efficiency of the diode de- 
tector has been increased from 31.5% without 
C1 to 78% with Cy. Cj also acts as a filter to 
remove the high frequency components from 
the output. 


Ql, Would the theory of operation for the series 
detector circuit remain the same if the diode 
connections were reversed? 


Q2. Would increasing the ratioof R; to CR, im - 
prove the rectification efficiency? 


Q3. What is the prime reason for the inclusion 
of Cj (sometimes called the filter capacitor) 
in the detector circuit? 


36-3. Choice of R and C Values 

In all electronic circuits the choice of part 
values in usually a compromise between values 
for an ideal situation and a practical situation, 
Such is the case in choosing the values for R and 
C to be used in the output ofthe detector circuit. 
The rectification efficiency is highest when the 
value of R] is as large as possible in relation 
to CR). Filtering is best when the value of C1 
is large in comparison to the value of the diode 
capacitance. It would appear that the value of 
both R and C should be large. On the other hand 
one of the prime qualifications for the detector 
circuit, for faithful reproduction, is that the 
charge and discharge of C) beable to follow the 
modulation envelope as closely as possible. 
Thus, the discharge time constant of the circuit 
should be such that it appears long to the inter- 
mediate frequency (for good filtering and effi- 
ciency) and short to the modulating frequency 
(for faithful reproduction). Typical values of 
components used, in transistor broadcast band 
superhet receiver, to achieve a time constant 
exhibiting this quality are: C=0.03 micro- 
farads, R=5k ohms, and CR, = 50 ohms 
(actually the diode may range in value from 10 
to a 100 ohms or more. Thus, 50 ohms is a 
representative value). The relationship be- 
tween the charge time constant, discharge time 
constant, intermediate frequencies, and the 
modulating frequencies can be shown by using 
the typical component values inan example pro- 
blem: 

The detector circuit used in the example pro- 
blem will consist of a 5k ohm load resistor, a 
0.03 microfarad filter capacitor, and a diode 
with 50 ohms of dynamic resistance (Figure 
36-2). The input signal is a composite wave- 
form containing a 455 ke IF carrier and sideband 
frequencies of 454.6 kc and 455.4kc (repre- 
senting the original signal of 400 cps). For the 
circuit to operate properly the time constant 
for capacitor discharge should appear relative- 
ly long at the carrier frequency of 455 kc and 
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Al. Yes. The only difference being that the 
positive half cycles rather than the negative 
would be rectified, 


A2, Yes. The larger Ri is in comparison to 
CR, the larger the percentage of rectified 
voltage that will appear as Eout 


A3. Increase the efficiency of the circuit. 


relative short at the modulating frequency of 
400 cps. The charge time constant of the cir- 
cuit must be very short. The chargetime con- 
stant of the circuit is determined by the product 
of the diode resistance and the value of capaci- 
tance. Insert values: 


T=RC (10-14) 
T=50x3x 108 
T=1.5x 107% 


Thus, the time constant of the circuit during 
charge is 1,5 microseconds. The discharge 
time constant of the circuit is determined by the 
load resistance Ry, and the value of capacitance. 
Insert values: 

T=RC (10-14) 


T=5x 103 x 3x 1078 


T = 150 x 10-6 

Thus, the time constant of the circuit during 
discharge is 150 microseconds. 

In order to examine the relationship between 
the discharge time constant and theIF and mod- 
vlating frequency it is necessary to determine 
the time for one cycle of each of these frequen- 
cies. The period for one cycle is equal to the 
reciprocal of the frequency. Therefore, the time 
for one cycle of the IF will be: 





Period = —_!__ (8-5) 
frequency 

Period 455% 105 

Period = 2.19 microseconds 


The time for one cycle of the modulating fre- 
quency will be: 


Period = (8-5) 





Period = =— 


Period = 2500 microseconds 


From the results of the example problem it 
canbe seenthat the discharge time of 150micro- 
seconds is long in respect to the 2.19 micro- 
seconds of the IF, but, is short in respect to 
the 2500 microseconds of the modulating fre- 
quency. 

The correct choice of values for R and C in 
the diode detector circuit is important if max- 
imum sensitivity and fidelity are tobe obtained 
If either R or C are made too large the time 
constant will be too long and the discharge of the 
capacitor will not follow the modulation envelope 
at the higher modulating frequencies. This will 
result in a situation such as illustrated in Fig- 
ure 36-3. 





Figure 36-3 - Effectof toolarge atime constant. 


From Figure 36-3 it can be seen that too long 
a discharge time constant will cause the negative 
peaks of the desired waveform to be clipped. 
This type of distortion is sometimes referred to 
as NEGATIVE PEAK CLIPPING or DIAGONAL 
CLIPPING 

Distortion will also be introduced if the dis- 
charge time constant is too short. Figure 36-4 


RG TIME CONSTANT 





Figure 36-4 - Waveforms showing effect of 
too short a time constant. 
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illustrates the effect of too short a time constant. 
The dotted line in the figure indicates the de- 
sired waveform, The solid line (actual wave- 
form) shows that the short time constant allows 
the capacitor to discharge considerably between 
pulses. The result is loss of rectification ef- 
ficiency and the presence of a high frequency 
component in the output. 


Q4, Ifthe modulating frequencies were increas 
ed from the audio range toa much higher range, 
such as used in television or radar, would the 
discharge time constant of the detector circuit 
have to be decreased or increased? 


36-4. Shunt Diode Detector 

The SHUNT DETECTOR also producesa volt- 
age and current output which is proportional to 
the modulation signal. The shunt detector is 
characterized by the diode being in shunt (par- 
allel) with the load resistor rather than in series 
with it, Figure 36-5 illustrates a simple shunt 
detector with only a resistive load. 





---» CURRENT WITH DIODE CONDUCTING 
——> CURRENT WITH DIODE NOT CONDUCTING 





Figure 36-5 - Shuntdetector with resistive load. 


When the resultant RF variations of the input 
signal Ej, cause point A to become positive with 
respect to point B (solid polarity signs) diode 
CR, will be reverse biased and will appear as a 
very high resistance in parallel with the load 
resistance Ry. Thus, the major current flow 
in the circuit will follow the path depicted by the 
solid arrow (Figure 36-5). This current flow 
will cause a voltage drop across Ry, with the 
polarity (solid signs) shown. There will be a 
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very slight current flow through the parallel 
path of CRy due to minority carrier flow, how- 
ever, for all practical purposes its magnitude 
is so small that it is neglected. Therefore, the 
peak of the resultant voltage pulse developed 
across Ry is almost equal to the peak of the 
input voltage. 

When the resultant RF variation of the input 
signal cause point A to become negative with 
respect to point B (dotted polarity signs) diode 
CR, will be forward biased and will appear as 
avery low resistance in parallel with the load 
resistor. Asa result the path of major current 
flow (dotted arrow) will be through the diode. 
A very small percentage of the current will flow 
through the parallel path of Ry causing a very 
small voltage drop with the polarity shown by the 
dotted signs. This small reverse voltage drop 
is evident in the output waveform (Figure 36-5) 
by the extension of the voltage pulses slightly 
below the zero reference line. This action 
may be summed up by saying that when the diode 
is reversed biased the parallel combination of 
the CR; and Ry appear as a high resistance 
to the source, with a correspondingly high volt- 
age drop, and when the diode is forward biased 
the parallel combination of CR; and Ry appear 
as alow resistancetothe source, with a corres- 
pondingly low voltage drop. The end result is a 
rectification or distortion of the input signal 
which causes an average voltage (corresponding 
to the modulation signal) to appear inthe output. 

It can be seen that, as occured withthe series 
detector and only a resistive load, the rectifi- 
cation efficiency of this circuit is alsovery poor. 

The rectification efficiency of the shunt de- 
tector may be improved by the addition of an 
inductor in series with the load resistor. Figure 
36-6 illustrates a shunt detector with aninductor 
added. 

When point A becomes positive the current 
path is shown by the solid arrows and the volt- 
age drops by the solid polarity signs. During 
this period of time the diode is ina non-conducting 
state and the major current flow is building a 
magnetic fieldaround L). Whenpoint A becomes 
negative the source current (dashed arrows) 
flows through the diode and back to point B. By 
virtue of the collapsing magnetic field attempting 
to maintain current flow, L] now appears as a 
source for current flow through Ry. The path 
for current flow caused by the collapsing mag- 
netic field of Lj is shown by the dotted arrows 
(Figure 36-6), Notice that this current maintains 
a voltage drop of the same polarity as the original 
across RL. 

The values of L} and Rx, are chosen with the 
same regard to the time constant as was shown 
in the series detector, Inother words, the mag- 
netic field of Ly must not be allowed tocollapse 
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A4, Decreased, in order for the discharge of 
the capacitor to follow the higher modulat- 
ing frequencies, 





INPUT VOLTAGE 


WAVEFORM, E inv 





Figure 36-6 - Shunt detector with inductor added. 


too much between RF current pulses and on the 
other hand it must collapse enough to follow the 
modulation envelope. 

It must be remembered that the equation for 
the time constant of an RL circuit is slightly 
different than for an RC circuit. In an RL cir- 
cuit the time constant is a direct function of L 
but an inverse function of R. This is shown by 
the equation: 


L 
T= (9-13) 


The effect of too long or too short a time 
constant on the output waveform of a shunt de- 
tector will be the same as in the series detector. 


Q5. If the output were taken across the coil in 
a shunt detector, instead of across the load 
resistor, what frequencies would appear in the 
output? Explain, 


Q6. How would circuit operation be effected if 
the coil were to become shorted? 


36-5, Transistor Detector 
Tt has been shown that the output voltage for 
a diode detector is always slightly less than the 


Input voltage (rectification efficiency will never 
equal 100%). This slight loss of signal, due to 
detection, is of no concern inthe average broad- 
cast receiver because of the relatively large 
signal voltages present at the output of IF stage. 
However, there are many cases in electronics 
where it is necessary to detect a signal of very 
small amplitude. Two problems arise in the 
detection of small signals. First, since the 
signal is very small to begin with the slight loss 
due to detection is not desirable, and in some 
cases is intolerable. Second, it is necessary to 
use a device which is much more sensitive to 
small signal variations than the diode, In tran- 
sistorized equipment this problem is solved by 
the use of a TRANSISTOR DETECTOR CIRCUIT. 
The transistor detector circuit combines the 
actions of detection and amplification within the 
same device. 

A transistor detector connected in the com- 
mon-emitter configuration is illustrated in Fig- 
ure 36-7. Before discussing circuit operation 
a brief explanation of component functions will 
be given. 

Rj, and Rg constitute a voltage divider net- 
work to establish the no signal forward bias 
operating point. Cj, Cz, and C3 are RF bypass 
capacitors and act to prevent the development 
of an RF voltage across the power supply, bias 





Figure 36-7 - Transistor detector. 


resistor Rj, and emitter swamper Ry respec- 
tively. Transformer T, couples the signal from 
the IF stage to the detector. Load resistor Ry 
and demodulator filter capacitor C4 perform the 
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function of audio signal development and RF 
filtering in the same manner asthe load resistor 
and filter capacitor in the series diode detector. 
Transistor Q) is the device which performs the 
actions of detection and amplification. Appli- 
cation of a modulated IF signal to the primary 
of T, will cause voltage variations atthe IF rate 
to be developed across Tj's secondary. The 
positive alternations of this induced signal will 
oppose forward bias and reduce collector cur- 
rent. The negative alternations willaid forward 
bias and increase collector current. Thus, the 
collector current will be caused to vary at an IF 
rate. Due to the heterodyning action of the 
various radio frequencies (present in the input 
signal) within the non-linear transistor the 
collector current variations will also contain 
a modulation component. As the collector cur- 
rent variations are applied to the parallel net- 
work R4Cq an action similar to that of the load 
resistor and filter capacitor network of the series 
diode detector takes place. The high frequency 
components are filtered out and a dc voltage, 
which varies in accordance with the original 
modulating signal, is developed between collector 
and ground. 

The dynamic operation of the transistor de- 
tector circuit can best be demonstrated by use 
of the transfer characteristic curve. A typical 
curve (graph of collector currentic¢ versus volt- 
age base-emitter Vpp) with waveforms is shown 
in Figure 36-8A, 

















T 
DETECTOR OUTPUT 


(8) 


Figure 36-8 - Ic - Vgg curve with waveforms, 





The graph depicts the extreme non-linearity 
of collector current with respect to base-emitter 
voltage. The symmetrical IF signal with 75 mv 
peaks is used as the input signal to the detector 
circuit. The Q point of the circuit is established 
with a base-emitter voltage of 175 mv and a 
collector current of | ma, Figure 36-8A shows 
that negative excursions (increase of Vr) of 
the input signal produce much larger variations 
in Ic than do positive excursions (decrease of 
Vpp). Notice that the output waveform in Figure 
36-8A is the collector current variations BE- 
FORE applicationto the RqCq network. The long 
time constant, at IF frequencies, and short time 
constant, at audio frequencies, of the network 
will convert the output to a voltage which very 
closely follows the peaks of the Ic variations. 
The output developedacross the R4Cq network is 
shown in Figure 36-8B. 

The main advantage of the transistor detector, 
over the diode detector, is its ability to provide 
a usable output signal with an extremely small 
input signal. The main disadvantage is that the 
transistor detector can not handle as large a 
signal input as the diode detector, 


Q7. Could proper detection action be achieved 
if the transistor detector were biased on the 
linear portion of its characteristic curve? 
Explain, 


Q8. What would be the result if too large an 
input signal were applied to the transistor de- 
tector? 


Output Couplin, 

There are a number of methods of coupling 
the audio signal from the detector stage to the 
audio stage, such as RC coupling, transformer 
coupling, direct coupling, and impedance cou- 
pling. Each type of coupling has certain inher- 
ent advantages and disadvantages, Thus, the 
choice of type of coupling to be used for a par- 
ticular application depends on the specific re- 
quirements of the circuit. In other words, some 
circuits may require a good frequency response 
while voltage gain is not particularly important, 
in other circuits high voltage gain may be the 
prime consideration while exceptional frequency 
response is not too important, in yet another 
circuit a compromise between these factors 
may be required. 

RC and transformer coupling are the two 
basic methods and are the only ones to be con- 
sidered in this chapter, 





36-7. RC Coupling 


The frequency response and voltage gain char- 
acteristics of RC coupling networks have been 
covered in great detail in section 19-34 and in 
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AS. Only radio frequencies would appear in the 
output since the coil offers a high imped- 
ance to RF but is almost a short to AF, 


Ao. The circuit would operate the same as if 
only the resistive load were present (loss 
of rectification efficiency, lower output 
voltage, high frequencies present in the 
output). 


A7. No. Because heterodyning action would not 
take place. 


A8. The transistor might be driven into satur- 
ation and distortion would result. 





sections 20-18 through 20- 23, Since the use of 
RC coupling with transistors rather thanelectron 
tubes does not greatly alter the network char- 
acteristics only a brief review will be given 
here, If amore detailed review is desired the 
reader is directed to the above sections. 

Figure 36-9 is a partial schematic illus- 
trating the components involved in the RC coup- 
ling of a signal from the detector stage to the 
audio stage. The coupling components are in- 
cluded within the dotted area of the Figure. Cy) 
and Ry have been discussed previously in con- 


networks for electron tubes and semiconductor 
devices, that while the characteristics and act- 
ions may be the same, the component values 
will differ greatly. 

Figure 36-10 illustrates a typical response 
curve of an RC coupling network. Depending on 
component values and design accuracy the low 
frequency limit may range from approximately 
30 to 60 cps and the high frequency limit from 
approximately 100 ke to 200 ke, 

The response is measured in terms of voltage 
gain over a range of frequencies. The gain falls 
off at very low frequencies because of the in- 
crease inthe capacitive reactance of the coupling 
capacitor. This capacitor acts in series be- 
tween the source and the load and has developed 
across it an increasing percentage of the signal 
voltage as the frequency is decreased. At mid- 
band frequencies the coupling capacitor is con- 
sidered as practically a short. The reduction in 
gain at the high frequencies is caused by the 
shunting effect of the output capacitance, Cg, of 
one stage, the input capacitance, Cj, of the next 
stage, and the distributed capacitance of the 
coupling network, The combined effect of these 
capacitances is to increase the percentage of 
total signal voltage that is developed across the 
internal resistance of the input stage and de- 
crease the percentage that appears as output 
voltage 





Figure 36-9 - RC coupling components 


nection with the series diode detector. These 
components are analogous to the plate load re- 
sistor and the electron tube output capacitance 
and effect the characteristics of the coupling 
network in approximately the same manner 
Cg is the coupling capacitor and performs the 
same function, with the same characteristics 
as the coupling capacitor in electron tube cir- 
cuits. The parallel combination of Rz and ry 
(input junction resistance of the transistor) are 
analogous to the grid resistor. It must be real- 
ized that in comparing the action of coupling 


Figure 36-10 - Typical RC coupling frequency 
response curve 


36-8. Transformer Coupling 
Diode detector circuits use RC coupling al- 


most exclusively. Onthe other hand a transistor 
detector may use EITHER RC or transformer 
coupling. The common-emitter transistor de- 
tector (Figure 36-7) shown previously would, by 
necessity, use RC coupling. since connecting a 
low resistance transformer winding across the 
output would shunt the load resistance and VCC 
It is sometimes more desirable, in a transistor 
detector, touse transformer coupling rather than 
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RC coupling, due to the higher collector voltages 
obtainable. 

Figure 36-11 illustrates a common-base 
transistor detector using transformer coupling. 
The non-linear and unilateral properties of the 
input junction provide the rectification (distor- 
tion) and heterodyning actions necessary for 
detection. Filtering of the high frequency com- 
ponent is provided by the C2R) network, with 
additional high frequency filtering provided by 
C3. The base-emitter voltage will vary in 
accordance with the audio modulation signal. 
This audio variation will be amplified and applied 
to the primary of Tz and, thus, transformer 
coupled to the audio amplifier. 

A transformer coupled stage has certain ad- 
vantages over other types of coupling. The volt- 
age amplification of the stage may exceed that of 
the transistor if the transformer has step-up 
turns ratio. Direct current isolation of the base, 
or emitter, of the next transistor is provided 
without the need for a blocking capacitor; and 
the de voltage drop across the coupling resistor, 
which is necessary when RC coupling is used, 
is avoided. This type of coupling lends itself 
well to coupling a high impedance source to a 
low impedance load, or vice versa by choosing 
a suitable turns ratio. 








Figure 36-11 - Transformer coupled CB 
transistor detector. 


Transformer coupling has the disadvantages 
of greater cost, greater space requirements, and 
the possibility of poorer frequency response at 
the higher and lower frequencies. The voltage 
gain as a function of frequency throughout the 





Tange inquestion is shown in Figure 36-12, The 
curve shows that the transformer coupled volt- 
age amplifier has a relatively high gain and uni- 
form frequency response over the middle range 
of audio frequencies, but poor response for both 
low and high audio frequencies. 























FREQUENCY (CPR! 


Figure 36-12 - Percents of voltage gain veraus 
frequency-transformer coupling. 


The decrease in response at the low fre- 
quencies is due to the decrease in inductive re- 
actance of the transformer primary winding. The 
decrease in response at the high frequencies is 
due, mainly, to the shunting effect of transistor 
interelement capacitance (Cy and Cj), stray 
capacitances, and distributed capacitance of the 
transformer windings. If proper design pre- 
cautions are not observed apeak inthe response 
curve, such as observed in Figure 36-12(around 
4000 cps). will occur due to a series resonant 
condition being established between the leakage 
inductance and the stray capacitances. This 
series resonant condition usually occurs near 
the high frequency limit. 


Q9. Why is the voltage gain of an RC coupled 
amplifier less than that of atransformer coupled 
amplifier? 


Q10. Whatwouldoccur(in respect to RF coupled 
to the audio amp) if a transformer coupled de- 
tector exhibited poor RF filtering? 


AUTOMATIC VOLUME CONTROL 


The function of an AUTOMATIC VOLUME 
CONTROL (AVC), also referred to as AUTO- 
MATIC GAIN CONTROL (AGC), is to limit un- 
wanted variations in the output of a receiver due 
to variations in strength of the received signal 
To maintain a constant output level, a receiver 
without AVC would require readjustment of the 
manual volume control cach time the strength of 
the received signal changes. Changes in signal 
strength occur as a result of changing stations 
and from fading caused by atmospheric condi- 
tions. Signals from stations operating at the 
same power may not reach the receiver antenna 
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AQ. Because of I2R losses and impedance mi 
match, 





A10. Due to the low gainof transformer coupling 
at high frequencies very little RF would be 
coupled to the audio amplifier. 


with the same power, because of differences in 
transmission distances, carrier frequencies, 
atmospheric conditions, and obstructions be- 
tween the transmitter and receiver antenna. 
The conclusion might be drawn that an AVC 
network is not necessary when the receiver is 
operating on one station, but the problem still 
exists, due to atmospheric conditions causing 
the signal strength to vary (fade in and out) or 
the antenna receives two signals which have 
traveled along different paths from the same 
transmitting antenna. For example, one signal 
may travel direct from the antenna, and the 
other signal may have been reflected from a 
distant object. Since the signal paths are con- 
stantly changing, the two signals will sometimes 
be imphase and at other times be out-of-phase, 
thus tending to cancel or reinforce each other. 
The result is a variation in signal strength at 
the receiver antenna called fading. The effect 
of signal strength variations onthe output power 
of an RF stage can best be demonstrated by an 
example problem. 

Example. An RF amplifier, connected to a 
receiver antenna, has a power gainof 100. If the 
antenna receives an input signal of 10 micro- 
watts the output power (Pout) will be: 


Pout 
Pin 





Ap = (36-2) 


Transposing: 
Pout = Ap * Pin 
‘ -6 
Pout = 100 x 10 x 10 


P. = 1000 micro -watts 


‘out 


The output power is equal to 1000 micro-watts 
and if fading is to be avoided the output power 
must remain at this level. However, if a re- 
flected signal from the same station 1s received, 
uf approximately half the strength (5 micro- 
watts) and in phase with the direct signal, the 
signal strength at the receiver antenna will in- 
crease to 15 micro-watts. To maintain the de- 
sired 1000 micro-watts of output power the power 
gain of the amplifier must be reduced. The new 
Ap will be: 





1000 x 10-8 


P15 x 10-8 


Ap = 67.7 





When the 10 micro-watt direct signal and the 
5 micro-watt reflected signal are out-of-phase, 
the signal strength at the receiver antenna will 
decrease to 5 micro-watts. To maintain the 
original 1000 micro-watt Ap, the power gain of 
the amplifier must be increased. The new 
power gain will be: 





‘a, - 1900 x 1078 
PS x 10-6 
Ap = 200 





The variation of amplifier gain, in the exam- 
ple, to maintain a constant output power with a 
varying input signal can be accomplished auto~ 
matically by the addition of an AVC circuit to 
the receiver. The purpose of the following sec- 
tions isto show the methods andcircuits used to 
produce AVC and the manner in which the AVC 
controls the receiver gain. 


3 





Simple AVC Circuit 

The output of the detector circuit contains, 
among other components, a dc component which 
is proportional to the average carrier amplitude. 
The AVC circuit takes a portion of thisdc com- 
ponent, filters it to remove the audio component, 
and applied it to the preceding stages. Figure 
36-13 is a block diagram representation showing 
the AVC portion of the detector output being 
applied back to the preceding stages, The AVC 





AVG CONTROL LINE 





Figure 36-13 - Block diagram showing AVC 
application 
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voltage may be used to control the amplification 
of all the stages preceding the detector stage. 
In an electron tube receiver the AVC voltage is 
usually negative, however, a transistor receiver 
may utilize either positive or negative voltage 
for AVC, depending on the type of transistors 
used and the element to which the control volt- 
age is applied. 

The schematic diagram of a simple AVC cir- 
cuit used in conjunction with a series diode de- 
tector is shown in Figure 36-14, 

The components Tj, CR}, Cy, and Ry con- 
stitute a normal series diode detector as pre- 
viously described. The AVC network is com- 
posed of Rz and Cz. In normal operation of the 
detector circuit with the potential shown,CR} 
conducts. Conduction of the diode will cause a 
charging current (shown by dotted line) to flow 
through the AVC capacitor (C2) and AVC resistor 
(R2). This charging current will cause Cz to 
assume a polarity as shown. Rz and C2 forma 
voltage divider causing the voltage across C2 to 
be only a portion of the voltage present across 
the output resistor R}. When the potential across 
T| reverse biases the diode, and charging cur- 
rent ceases to flow, C2 will begin to discharge. 
However, the discharge time constant of C2,R2, 
and Rj is chosen to be longer than the lowest 
audio frequency present in the output of the de~ 
tector. Consequently, C2 will not discharge 
appreciably between peaks of the modulating 
signal and the voltage across C2 will be a de 
voltage. The voltage across C2 is proportional 
to the average carrier signal. Thus, if the sig- 
nal strength should vary, the average of the 
carrier signal will vary. This will cause Cz 
to either increase or decrease its charge, de- 
pending on whether the signal strength increased 
or decreased. Since the charge of the AVC 
capacitor responds only to changes in the average 


TO PRECEDING 
STAGES 


C2 DISCHARGE 


Figure 36-14 - Series diode detector and 
simple AVC circuit. 





135 
Signal level, instantaneous variations in the 
signal will not effect the AVC voltage. 


Ql. Why is a long time constant necessary in 
an AVC network? 


36-10. Control of Amplifier Gain by AVC 


It has been shown how a de voltage that is 
proportional to, and will reflect the average 
variations of, the average signal level as ob- 
tained atthe outputofthe AVC network. All that 
remains is to use this AVC voltage to control 
the amplification of one or more of the preced- 
ing amplifiers in the desired manner. Figure 
36-15 illustrates a common-emitter amplifier 
with AGC (same as AVC) applied. The power 
gain of the common-emitter amplifier is shown, 
inthis case, tobe controlledby applying the AGC 
to the base element. A change in the AGC volt- 
age will change the operating point of the transis- 
tor. This will change the dc emitter currentand, 
hence, the power gain of the amplifier. In the 
circuit shown, R] and Rq form a voltage divider 
network and establish the no-signal (forward) 
bias on the base. Since a PNP transistor is 
used the base has anegative potential. The AGC 
voltage from the detector is positive with respect 
to ground and is fed to the base through dropping 
resistor Rz. When the dc output of the detector 
increases (due to an increase in the average sig- 
nal level) the AGC voltage will become more 
positive. This increased positive potential is 
applied tothe base of Q}, decreasing the forward 
bias of Q] and thereby decreasing the gainof the 
amplifier. 

It may be noticed that AVC or AGC behaves, 
in this application, effectively as a controlled 
degenerative feedback. It should also be noted 
that use of an NPN transistor in the amplifier 
would have required that the AGC voltage posses 
a negative potential. 


Q12. What could be considered asa disadvantage 
of the simple AVC circuit in respect to weak 
signals. 


Asc VOLTAGE input 





Figure 36-15 - CE amplifier with AGC. 
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All. 


Al2, 





10, 


To prevent an audio signal component from 
being coupled back to the previous stages 
and producing undesired degeneration. 


Due to the degenerative action of the AVC 
voltage weak signals may receive insuffi- 
cient amplification to provide a useful 
point. 


EXERCISE 36 


What purpose does a detector circuit serve 
in a superheterodyne receiver? 

How is non-linear operation of a detector 
obtained and why is it necessary? 

Is filtering required in detector circuits? 
What are the effects with and without filter- 
ing? 

In what manner is the theory of operation 
of the detector circuit similar to the oper- 
ational theory of the mixer stage? 
Describe the operation of a series diode 
detector. Explainthe result with each com- 
ponent opened and shorted. 

What is meant by the % of rectification effi- 
ciency? How may it be improved ina given 
application? 

What determines the output polarity of a 
detector circuit? How may the polarity be 
changed in a series detector? Ina shunt 
detector? 

Explain the manner in which the efficiency 
of the shunt diode detector is improved by 
the addition of the inductor. 

Why is the sensitivity of the diode detector 
said to be low? 

What are the basic requirements for the 
choice of RC values in a series diode de- 
tector? For RL ina shunt diode detector? 





od, 


12. 


13, 


15. 


16. 


17. 


18. 


19. 


20. 





What will be the result if too largea res: 
tance is used in the shunt detector? 
Describe the purpose and action of the in- 
ductor in the shunt detector. 

Describe two situations where the use of a 
transistor detector would be more advan- 
tageous than a diode detector. 

Briefly explain the action of the filter capac- 
itor and load resistor in the transistor de- 
tector. 

Explain the characteristics of two basic 
methods of output coupling used in the de- 
tector stage. 

Explain the action of an RC coupling net- 
work giving polarities and current paths for 
each component. 

Explain the main function of AVC ina re- 
ceiver. Give some reasons for needing 
AVG. 

Briefly explain some of the factors neces- 
sitating the need for AVC, 

What is the principle of operation of AVC 
circuits? 

A series diode detector circuit uses a 0.4 
megohm resistor for the diode load and a 
200 picofarad capacitor for the filter. What 
is the time constant of the detector? Is 
this charge or discharge time? 


CHAPTER 37 
TRANSISTOR AF AMPLIFIER 


Audio amplifier circuits are designed speci- 
fically to amplify signals which lie within the 
audio frequency spectrum (20 to 20,000 cps). 
In practice, to insure that these frequencies 
will have sufficient power, AF circuits are 
designed to amplify frequencies above and below 
the AF spectrum, often from 10 to 100,000 cps. 
Since transistors are essentially power-amplify~ 
ing devices, their uses in audio circuits falls 
into two general categories: low level or high 
level audio amplifiers, The particular power 
level of an audio amplifier stage is determined 
by design requirements. In some cases (signal 
amplifiers) the power level ranges from pico- 
watts to milliwatts, while for other cases (power 
amplifiers) the power level maybe on the order 
of many watts, 

This chapter will consider transistor audio 
amplifiers as used in typical superheterodyne 
receivers. The characteristics of low level 
amplifiers will be presented first, followed by 
a discussion of high level amplifiers. To sim- 
plify matters, the term "signal amplifier" will 
mean a low level power circuit, while the term 
“power amplifier” will designate a high level 
power circuit. 








AUDIO SIGNAL AMPLIFIERS 


To understand the relationship of the audio 
frequency section in a superheterodyne receiver 
to the other sections, refer to the block diagram 
of the superheterodyne receiver (Chapter 31). 
Note that the AF amplifier receives the demod- 
ulated output of the detector. The primary pur- 
pose for audio amplification is to provide suffi- 
cient power gain to drive the output transducer 
(speaker, headset, etc.). The power demands 
of the output transducer will determine the level 
of power reached in the AF section. If the AF 
amplifier output drives a headset or small 
speaker, the power required is small com- 
pared with that required to drive a combination 
of large speakers. 


37-1. Single-Stage Audio Amplifier 
The circuit of Figure 37-1 shows a basic 
singlestage audio amplifier. 


Bias for the PNP, common-emitter, audio 
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Figure 37-1 - Single-stage audio amplifier, 


amplifier is established by the base-emitter 
current (solidarrows Figure 37-1), The current 
through the BE junction developes a voltage 
which forward biases the input circuit. Base 
resistor Rp limits the bias current thereby es- 
tablishing the operating point of the transistor. 
Collector current is shown by the dottedarrows. 

During the positive alternation of the input 
signal, forward bias is decreased, This causes 
a resultant decrease in collector current through 
Ry and collector voltage becomes more negative 
(with less of a voltage drop across RL, the 
collector voltage will increase towards the neg- 
ative value of VCC). 

During the negative alternation of the input 
signal the forward bias is increased, This in- 
creases the collector current through RL, with 
the result that collector voltage becomes less 
negative. 

C) is the input coupling capacitor. C2 is the 
output coupling capacitor. Rg is the emitter 
stabilizing resistor and is paralleled by audio 
bypass capacitor Cp. The input and output vol- 
tage waveforms indicate a phase reversal and 
a voltage gain. 





37-2. Effect of Input Resistance on Configu- 


ration choice. 
When an audio amplifier is used to "build up” 
very weak audio signals it is often referred to 
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as a PREAMPLIFIER, Preamplifiers find their 
greatest application with weak audio signal 
sources such as microphones, phono pickups, 
tape heads, etc. The internal resistance of 
these sources may be either high or low depend- 
ing on their type. For instance, phono pickups 
may be a crystal type having a high internal re- 
sistance or adynamic type having a low internal 
resistance, For maximum transfer of signal the 
input impedance of the transistor used in the 
preamplifier should be close to the internal re- 
sistance (or impedance) of the device used as 
the source. 

The most desirable method of matching source 
resistance to input resistance is by transformer 
coupling, however, this is not always practical. 
When the preamplifier must be fed from a low 
resistance source (20 to 1500 ohms), without 
benefit of transformer coupling, either the CB 
or CE configuration may be used, The CB con- 
figuration hae an input impedance which is nor- 
mally between 30 and 150 ohms; the CE con- 
figuration has an input impedance which is nor- 
mally between 500 and 1500 ohms. 

If the signal source has a high internal im- 
pedance (such as a crystal pickup head) then 
a high-input impedance preamplifier is also 
required, Assuming that transformer coupling 
cannot be used, it is possible to obtain the re- 
quired high-input impedance by using one of the 
three following circuit arrangements. 

It would appear that the easiest configuration 
to use would be the common-collector. The in- 
put resistance of the CC configuration is high 
because of the large negative voltage feedback 
in the base-emitter circuit. As the input vol- 
tage rises, the opposing voltage developed across 
the load resistance (Ry Figure 37-2) substan- 
tially reduces the net voltage across the BE 
junction, By this action, the current drawn 














Figure 37-2 - Simplified schematic of 
CC preamp. 


from the signal source remains low. By Ohm's 
law it is known that a low current drawn by a 
relatively high voltage represents a high resist- 
ance. Ifa load resistance (Ry) of 500 ohms is 
used, the input resistance of a typical CC con- 
figuration will be over 30,000 ohms. The dis- 
advantage of the CC configuration, however, is 
that small variations in the current drawn by 
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the following stage cause large changes in the 
input resistance value. 

The variations of input resistance, asa func- 
tion of load resistance, forthe common-emitter, 
common-base, andcommon-collector configu- 
rations is shown in Figure 37-3. Notice that a 
common-collector configuration with an Ry of 
500 ohms has an input resistance of approxi- 
mately 35,000 ohms. Within the operating range 
of 1,000 to 100,000 ohms of load resistance the 
input resistance (rj) of the CC circuit will in- 
crease withan Ri increase, rj of the CE circuit 
will decrease with an RL increase, and rj of the 
CB circuit increases with an RL increase. 

The highest power gain is realized using a 
CE configuration, Its frequency response is 
adequate for use in most audio stages. The 
relationship of its input and output impedance 
are the most convenient of the three configura- 
tions, and when used with transformer coupling 
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Figure 37-3 - Variations of rj with Ry, 
for each configuration. 


permits easier impedance matching, Finally, 
its input resistance is less dependant on the value 
of load resistance than either the CB or CC 
configurations. Thus, the CE circuit is most 
often used for general purpose audio amplifica- 
tion, 

The common-emitter configuration may be 
used to match a high source resistance by the 
addition of a series resistor in the base lead. 
The base-emitter junction resistance (repre- 
sented by rj in Figure 37-4) for a typical CE 
configuration is approximately 1,000 ohms, if 
a load resistance of 30,000 ohms is used. The 
input resistance, ri, may be increased by re- 
ducing the load resistance (RL). For instance, 
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decreasing the load resistance to approximately 
10,000 ohms will increase rj to approximately 
1,500 ohms, as seen by the CE curve in Figure 
37-3. 





Figure 37-4 - Simplified schematic of CE 
preamp with series resistor. 


Assume a source resistance of approximately 
20,000 ohms. InordertouseaCE configuration, 
having a 10,000 ohm RL, it would be necessary 
to insert a series resistance (Rg Figure 37-4) 
of approximately 18,500 ohms in the base lead. 
Thus, the input resistance (rin) of the amplifier 
will appear equal to the source, Notice, that 
before the series resistor was added, the input 
resistance rj varied considerably with a change 
in RL. When Rg is added to the circuit rj will 
still vary with a change in RL, however, rj is 
now only a small portion of the total input re- 
sistance so that rin remaine essentially constant 
with load resistance changes. The fact that the 
total input resistance remains relatively con- 
stant even with large variations in transistor 
parameters or current drain by the following 
stage is the main advantage of this circuit 
arrangement, The disadvantage of this circuit, 
in addition to a small loss in current gain, is the 
large resistance in the base lead. This re- 
sistance leads to poor bias stability if the bias 
voltage is fed to the transistor through this re- 
sistor. 

Another method of increasing the input re- 
sistance rj of a common-emitter configuration 
is shown in Figure 37-5, This type of circuit 
is called a DEGENERATED CE configuration. 
If an unbypassed resistor (RE Figure 37-5) is 
inserted in the emitter lead, the signal voltage 
developed across this resistor opposes the in- 
put signal voltage. As inthe case of the common- 
collector configuration, this negative feedback 
voltage or degenerative voltage, causes an in- 
crease inthe input resistance. With a bypassed 
resistor in the emitter lead the input resistance 
of the CE configuration would be 2,000 ohms, 
if a load resistor of 500 ohms were used (Figure 
37-3), With an unbypassed resistor (RE) of 500 
ohms and a load resistor of 500 ohms, the input 
resistance (rin) will appear as approximately 
20,000 ohms. The input resistance may be 
made to appear as any desired value (within 
practical limits) by the proper choice of Ry, and 









RE, Like the CE circuit with the series resistor 
the total input resistance of the degenerated CE 
circuit will remain relatively constant with a 
varying load. However, the advantage of the 
degenerated CE configuration is that the unby- 
passed resistor (RE) also acts as an emitter 
swamping resistor and helps to bias stabilize 
the transistor. 





Figure 37-5 - Degenerated CE configuration, 


Ql. What would be the approximate value of the 
series resistor inserted in the base lead of a 
CE amplifier, having an RL of 50 k ohms, if it 
were desired to match its input resistance to 
that of a 5 k ohm source? 


Q2, What advantage is gained by leaving the 
emitter swamper unbypassed, ina CE amplifier, 
when a high resistance source is used. 


COUPLING METHODS 


37-3. RC Coupling of Audio Amplifiers 

As stated previously, a resistive-capacitive 
(RC) network is one of the commonmethods used 
to couple a signal from one stage to another. 
The RC network (shown within the dashed lines 
in Figure 37-6) used between two transistor 
stages consists of acollector load resistor (R1) 
for the first stage, a de blocking capacitor (C}), 
and a de return resistor (R2) for the input 
element of the second stage. 


ourrur 


Figure 37-6 - RC Coupling network. 


Because of the dissipation of dc power in the 
collector load resistor, the efficiency (ratio of 
ac power output to de power delivered to stage) 
of the RC-coupled amplifier is low. 

The de blocking capacitor prevents the dc 
voltage of the collector of the first stage from 
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Al, Rg would be approximately 4200 ohms 
because with a 50 k ohm load rj equals 
approximately 800 ohms (Figure 37-3). 


A2, The degenerative voltage produced across 
the emitter swamper will increase the input 
resistance of the amplifier for impedance 
matching purposes 





appearing on the input terminal of the second 
stage. To prevent a large signal voltage drop 
across the de blocking capacitor, the reactance 
of the capacitor must be small compared to the 
input resistance of the following stage with which 
it is in series, Since the reactance must be 
low then the capacitance value must be high. 
However, because of the low voltages used, the 
physical size of the capacitor canbe kept small. 
The resistance of the dc return resistor is usually 
much larger than the input resistance of the 
second stage. This ratio is selected to prevent 
shunting the signal current around the input cir- 
cuit of the second stage. The upper limit of the 
value of thie resistor is dictated by de bias 
temperature stabilization consideration (as 
discussed in Chapter 30). 

The frequency response of the RC coupled 
audio amplifier is limited by the same factors 
that limited frequency response in other RC 
coupled circuits, In other words, the very low 
frequencies are attenuated by the coupling ca- 
pacitor whose reactance increases with low fre- 
quencies. The high-frequency response of the 
transistor is limited by the shunting effect of 
the collector-emitter capacitance of the first 
stage and the base-emitter capacitance of the 
second stage, Circuit techniques that can be 
used to extend the low-frequency and the high- 
frequency response of RC-coupled transistors 
were discussed in Chapter 30. 

RC coupling is used extensively inaudio am- 
plifiers, such as low level, low noise pre- 
amplifiers, due to the good frequency response, 
economy of circuit parts, and small size which 
can be achieved with it, 








Q3. Why is a low value of capacitance undesir- 
able in a coupling capacitor for an audio am- 
plifier? 


37-4, Transformer Coupling of Audio 
Amplifiers. 


Interstage coupling of audio amplifiers by 
means of a transformer is shown in Figure 37-7. 
The primary winding of transformer T] (in- 
cluding the ac reflected load from the secondary 
winding) is the collector load impedance of the 


first stage. The secondary winding of trans- 


former T] introduces the ac signal to the base 
and also acts as the base dc return path. 
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Figure 37-7 - Transformer coupling. 


The very low resistance in the base path aids 
temperature stabilization of the de operating 
point. With a swamping resistor in the emitter 
lead, the current stability factor is very good. 

Because there is no collector load resistor to 
dissipate power, the power efficiency of the 
transformer-coupled amplifier approaches the 
theoretical maximum of 50 percent. For this 
reason, the transformer-coupled amplifier is 
used extensively in portable equipment where 
battery power is used. 

Transformers facilitate the matching of the 
load to the output of the transistorand the source 
to the input of the transistor to bring about max- 
imum available power gain in a given stage, 

The frequency response of a transformer- 
coupled stage is not as good as that of the RC- 
coupled stage. The shunt reactance of the pri- 
mary winding at low frequencies causes the low- 
frequency response to fall off, At high fre- 
quencies the response is reduced by the collector 
capacitance, and the leakage reactance between 
primary and secondary windings. 

In addition, transformers are more expensive, 
heavier, and larger in size compared to resistors 
and capacitors required for coupling. 





Q4, Why does the low resistance in the base 
path, offered by transformer coupling, aid 
temperature stabilization? 


TRANSISTOR VOLUME CONTROL CIRCUITS 


A necessary part of the audio frequency 
section is some means of manual control of the 
output signal level of the receiver. A MANUAL 
VOLUME CONTROL may be employed ina num- 
ber of ways to control the volume level of a re- 
ceiver. In a transistor receiver this control 
normally varies the amplitude of the signal 
applied to the input junction of the first audio 
stage. 
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37-5. Volume Control Requirements 

NOISE. Volume controls should be so ar- 
ranged in a given circuit that the volume control 
introduces no noise or a minimum amount of 
noise, This requirement can be achieved by 
avoiding the flow of de current through the 
volume control. 

GAIN, The volume control and its asso- 
ciated circuit should permit the variation of 
gain from zero to maximum. 

FREQUENCY. The volume control should be 
so arranged ina givencircuit that all frequencies 
are attenuated equally for all positions of the 
variable arm of the control. 





Basic Volume Control Circuits 
section will discuss examples of several 
types of volume control circuits which do not 
meet the requirements listed in section 37-5. 
The volume control circuit shown in Figure 
37-8 DOES NOT meet the requirement of intro- 
ducing a minimum amount of noise into the audio 
stages. In this application the variable resistor 
Ry is used as the collector load for Q and also 
the volume control. The de collector current, 
of Q), flowing through the control will increase 
the noise produced by the circuit, 
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Figure 37-8 - Volume control-noisy, 


The volume control circuit in Figure 37-9 
eliminates the problem of dc current through 
the control, however, it is rarely used in re- 
ceiver's because it does not meet the other 
requirements of a volume control. 


1, The prime requirement of a volume control 
is to vary the gain from zero to maximum. 
Unless the variable resistor (Rz in Figure 
37-9) is made infinite in value, the amplifier 
gain cannot be reduced to zero. 


2. The circuit increases the effective base 
response as more of variable resistor R2 
is used inthe circuit, Withthe variablearm 
at the extreme left (zero resistance), capaci- 
tor C, used alone, will attenuate the lower 
frequencies more than the higher frequen- 
cies. As the variable arm moves to the 
right (increased resistance in circuit) the 
total coupling impedance will be determined 
mainly by the resistance. Asa result, the 
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Figure 37-9 - Volume control-frequency 
discrimination, 


relative attenuation of the high frequencies 
compared to the low frequencies will be 
greater, 


Another method of controlling the volume of 
a transistor receiver is shown in Figure 37-10, 
This circuitis called a DEGENERATIVE EMIT- 
TER volume control. This method of volume 
control is rarely used, because it violates all 
three of the requirements in section 37-5, and 
is shown merely as an additional method which 
might find an application under certain conditions. 
The manner in which it fails to meet the require- 
ments are listed below: 





1, Unless variable resistor Rj is made ex- 
tremely large (20,000 to 50,000 ohms) the 
signal cannot be reduced to zero, A re- 
sistance of this value would require a very 
high value of battery Vep) voltage. 


2, The heavy emitter current flowing through 
variable resistor Ry causes excessive noise. 


3. The circuit increases the effective base re- 
sponse as more of variable resistor Rj is 
bypassed by capacitor Cj. This action 


occurs because capacitor C) becomes more 
effective in bypassing the low frequencies 
as the resistance it must bypass increases. 
This results in less degeneration of the low 
frequencies than the highs. 





Figure 37-10 - Volume control-degenerative 
emitter control. 


A practical method of volume control is shown 
in the two stageamplifier of Figure 37-11. The 
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A3. The high value of reactance at low fre- 
quencies causes an excessive loss of signal 
voltage to the following stage. 


A4, If the base path contains a large resistance, 
even the very small current due to I¢Ro 
can cause a significant voltage drop, there- 
by, changing the bias. Transformer coup- 
ling keeps this undesirable voltage drop to 
a minimum, 


two stage amplifier uses variable resistor R2 as 
the volume control. Collector load resistor Rj 
developes the output signal of transistor Ql. 
Capacitor Cl couples the signal from Qj to the 
parallel combination of R3, variable resistor 
R2, and the input junction of Qz. Resistors Rq 
and the parallel combination R2 and R3 form a 
voltage divider to establish the potential applied 
to the base of Qj. Resistor Rs is the emitter 
swamping resistor and isac bypassed by capaci- 
tor Cz. Collector load resistor Rg developes 
the output signal of Q2. 








Figure 37-11 - Volume Control - two stage 
amplifier. 


Although this circuit violates the requirement 
of no de current through the volume control it 
should be noted that the path for this current is 
through the relatively large collector load R¢, 
the relatively large stabilizing resistor R4, 
and the parallel combination of R3 and the volume 
control R2z, Thus, the amount of de current 
through R2 will be comparatively small and will 
not increase the noise level of the amplifier by 
a significant amount. 

Resistor R2 controls the volume of the re- 
ceiver by varying the base-emitter bias of Q2. 
BE bias will vary from a maximum to zero de- 
pending on the position of the variable arm on 
resistor R2. This condition can be understood 
by considering the base-emitter junction res. 
tance of Q2 as negligibly small, With this 
assumption, variable resistor Rz can be con- 
sidered as shunting the parallel combination of 
C2, R3, and the emitter swamper R5. When 





the variable arm of R2 is set to the maximum 
resistance (bottom end) position the maximum 
base voltage will be applied. When the arm of 
R2 is set to the zero resistance (upper) end R3 
and C2R5 are effectively shunted by a zero re- 
sistance path. This places the base and emitter 
at the same potential, reducing the gain of Q2 
to practically zero. 

Although this is not a particularly desirable 
method of controlling receiver volume it is very 
effective and, due to cost considerations, is ex- 
tensively used in less expensive receivers. 


Q5. What undesirable effect would the use of the 
degenerative emitter volume control circuit have 
on the input resistance of the amplifier? 


AUDIO POWER AMPLIFIER 


A situation that generally exists in the audio 
amplifying section of a receiver, or in similar 
sections of low frequency equipment, is to have 
a series of amplifiers that take a small signal 
and increase it until it has sufficient power to 
perform some useful work. Regardless of 
whether the audio section contains few, or many, 
amplifiers between the input and output the func- 
tion of each stage is to increase the signal level 
until the final stage is reached, 

It was stated previously that "signal ampli- 
fier’ would indicate a low level power am- 
plifier, while "power amplifier’ would indicate 
a high level power amplifier, However, an 
additional distinction of the term ''signal am- 
plifier' must be made at this time. Signal 
amplifiers will be further qualified as SMALL- 
SIGNAL amplifiers and LARGE-SIGNAL amp! 
fiers, The distinction is necessary because 
many times an audio section contains more than 
just a small-signal amplifier anda power-output 
stage. In these cases the stages following the 
small-signal amplifiers are not strictly power 
amplifiers, but, do work at ahigher signal level 
than the first stages so that the term small-signal 
amplifier no longer applies. Hence, the term 
"large-signal" amplifiers toindicate a MEDIUM 
power level stage. 

In general, the LAST stage of a series of 
audio amplifiers is called the POWER STAGE, 
The power stage differs from the preceeding 
stages in that it is usually designed to obtain 
MAXIMUM POWER OUTPUT rather than maxi- 
mum power gain. 

The discussion of audio power amplifiers will 
begin with phase inverter circuits, which pro- 
vide the required input signals for proper oper- 
ation of push-pull amplifiers. Then the single- 
ended power amplifier, and finally various push- 
pull power amplifier circuits will be considered. 
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37-7. Phase Splitters and Inverters 

DRIVER STAGE is the term used to describe 
the amplifier which is used to supply the 
“driving", or input, signal tothe final, or power 
amplifier stage. In the cases where the power 
amplifier contains a push-pull circuit it is 
necessary touse a PHASE SPLITTER or PHASE 
INVERTER as the driver stage. The purpose of 
a phase splitter, or inverter, is to supply two 
equalamplitude output signals, differing in phase 
by 180° with respect toeach other, froma single 
input. 

The various methods used toaccomplish this 
purpose is the subject of this section. 

Through the use of a center-tapped-secondary 
transformer, a single-ended audio stage can 
produce the signal requirements for push-pull 
operation, Figure 37-12 shows an audio driver 
stage with a transformer phase splitter. 

In Figure 37-12 the audio signal is coupled 
from the volume control (R}) to the input of 
the driver stage by C). Resistors R2 and R3 
establish fixed base bias while R4 and Cz pro- 
vice emitter bias, As the input signal goes 
through its positive alternation, the forward 
bias of Q) decreases with a resultant decrease 
in transistor conduction. Collector current, 
from VCC through T, primary decreases and 
the collector potential (top of T) primary) be- 
comes more negative. Through transformer 
action, the bottom of the secondary goes nega- 
tive (with respect to the secondary center tap) 
while the top of the secondary goes positive. 

When the input signal goes through its nega- 
tive alternation the forward bias of Q) is in- 
creased. Transistor conduction increases, and 
the top of T) primary goes ina positive direction 
(less negative), Through transformer action 
the bottom of T, secondary produces a positive 
output whereas the top of the secondary produces 
anegative output. It canbe seen that the second- 
ary signals are of equal amplitude, but 180° 
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out of phase, satisfying the input signal require- 
ments of a push-pull power amplifier. 

Although the transformer phase splitter pro- 
vides a simple means of developing the required 
signals, economy, size, and weight may dictate 
the use of other means of developing the required 
signals. 

Figure 37-13 shows aSPLIT-LOAD phase in- 
verter which developes two signals, 180° out of 
phase, without the use of a transformer. 

Transistor Q) output current flows through 
collector load resistor R3 and emitter load re- 
sistor R,. Resistors R2 and R3 are equal in 
value. Resistor Rj establishes the base bias 
voltage. When the input signal aids the forward 
bias (base becomes more negative), the output 
current (Ip) increases, The increased output 
current causes the top side of resistor R3to 
become more positive with respect to ground, 
and the top side of resistor Rz to become more 
negative with respect to ground. When the input 
signal opposes the forward bias, the output cur- 
rent decreases and causes voltage polarities 
across resistors R3 and R2 opposite to those 
indicated, This action produces two output sig- 
nals that are reversed 180° with respect toeach 
other. 

In this circuit, equal voltage output are ob- 
tained by making resistor R2 equal in value to 
resistor R3, However, anunbalanced impedance 
results because the collector output impedance of 
transistor Q) is higher than its emitter output 
impedance, This disadvantage is overcome by 
the addition of a series resistor between C2 and 
the top of Rz. The values of R2 and the series 
resistor are chosen so that the output impedances 
of the collector and emitter are balanced. This 
eliminates distortion at strong signal currents. 
The signal voltage loss across the series re- 
sistor is compensated by making Rzhigher in 
value than R3. 

Notice that emitter resistor Rz is unbypassed 





Figure 37-12 - Driver stage with transformer phase splitter. 
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AS, Asthe volume control is varied the amount 
of unbypassed resistance inthe emitter cir- 
cuit changes. This will cause the input 


resistance of the amplifier to vary (section 
37-2), 





Figure 37-13 - Split-load phase inverter. 


in order to develop one of the output signals, 
Because of the large negative feedback voltage 
developed across resistor Rz, a large signal 
input is required to drive the one-stage phase 
inverter, This disadvantage canbe overcome by 
using two-stage phase inverters, In addition, 
a two-stage phase inverter provides more power 
output than a one-stage phase inverter, This 
advantage is important if the driver stage must 
feed a large amount of power to a high-level 
push-pull power output stage. 

Figure 37-14 shows a two-stage phase in- 
verter consisting of two identical CE configu- 
rations, Two signals, 180° reversed in phase, 
are obtained from the phase inverter. Assume 
that aninput signal drives the base of transistor 
Qj negative, Because of the 180° phase reversal 
in the CE configuration, the transistor Qj col- 
lector goes positive. One portion of this posi- 
tive signal is coupled to the base of transistor 
Q2 through de blocking capacitor Cz and attenu- 
ating resistor R4. The other portion of the posi- 
tive signal is coupled through the de blocking 
capacitor Cq to one input circuit of a push-pull 
output stage. The positive-going signal on the 
base of transistor Q> causes a negative-going 
signal at the collector of transistor Q2. This 
negative signal is coupled through dc biocking 
capacitor Cs to the other input circuit of a push- 
pull output stage. 

Resistor R; provides base bias for transistor 
Q). Collector load resistor R3 develops tran- 
sistor Q)'s output signal. Resistor R2 is the 
emitter swamping resistor and is ac bypassed 
by capacitor Cy, Resistor Rs provides base bias 
for transistor Q). Collector load resistor Rg 
develops transistor Q? output signal, Resistor 
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R7 is the emitter swamping resistor and is ac 
bypassed by capacitor C3. 

Since two identical CE configurations are 
used, the source impedances are equal for the 
two input circuits of the push-pull output stage. 
In addition, the amount of power that can be de- 
livered by the two-stage phase inverter is much 
greater than that of the split-load phase inverter. 





Figure 37-14 - Two stage phase inverter, 


Q6, Why musta resistor be added in series with 
the emitter output coupling capacitor in a split 
load phase inverter? 


Q7. Ifapush-pull output stage required a large 
input power, would a one-stage or two-stage 
phase inverter be used? 





Q8. Could impedance matching of the inverter 
stage to the push-pull stage be accomplished 
easier by use of the transformer phase splitter 
or the split-load phase inverter? 


37-8, Single-Ended Power Amplifier 

The prime function of a power amplifier is to 
produce maximum output power. Due totransis- 
tor operation limitations (suchas maximum cur- 
rent, voltage, and power dissipation ratings) 
the conditions for maximum power gain do not 
necessarily coincide with those for maximum 
power output. The maximum power dissipation 
(Ppmax) rating ofatransistor is very important 
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in the operation of a power amplifier, for it is 
this rating which limits the power output obtain- 
able from any specific transistor. 

For all practical purposes the schematic 
diagram of a power amplifier is similar to that 
of any low-power or medium-power amplifier, 
The major difference being the higher power 
rating, large physical construction, and mount- 
ing methods of the power transistor. One other 
major difference (aside from the fact that the 
power amplifier is the last stage) is that the 
power amplifier, being designed for maximum 
output power rather than maximum gain, will 
usually have a much smaller value of load im- 
pedance than do the preceding stages. 

One requirement of any audio amplifier is 
minimum distortion, In order for a single- 
ended power amplifier to produce minimum dis - 
tortion it must be operated class A. In order 
to obtain maximum output power, with minimum 
distortion, the load line of a class A power am- 
plifier must lie tangent to the constant power- 
dissipation curve at a point where the mid-value 
of bias current crosses the curve. Meeting this 
requirement will permit a maximum swing of the 
input signal current, 

Figure 37-15 illustrates a simplified sche- 
matic of a single-ended, class A, power am- 
plifier, All components perform basically the 
same functionas inany medium-power amplifier. 








Figure 37-15 - Class A, single-ended, 
power amplifier. 


Q9. Could a power transistor with a Ppmax 
rating of 5 watts have a Q point at Vc = 2 V and 
Ig = 666 ma? Explain. 


Q10, Would maximum output power be obtained 
from a class A power amplifier, with a Ppmax 
rating of 3,5 watts, if the Q point were at 
Vo = 6 Vand Ic = 433 ma? Explain. 
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Class A, Push-Pull, Power Amplifier 

The class A push-pull amplifier consists 
essentially of two transistors connected back 
to back, with both transistors biased for class 
A operation, Figure 37-16 shows a simplified 
circuit for a class A push-pull power amplifier. 
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Through the use of a transformer phase 


splitter (T)), two signals, 180° out of phase 
are appliedas inputs to the push-pull amplifier, 
Ry limits the base bias current to establish the 
desired operating point of Q) and Q2. One half 
of the primary of transformer T2 represents the 
collector load impedance for Q; while the other 
half represents the collector load for Q2. T2 
also provides impedance matching between the 
relatively high output impedances of the tran- 
sistors and the low impedance of the speaker 
voice coil. 

On the positive alternation of the input sig- 
nal the potential on the base of Q) will increase 
in a positive direction, while the potential on 
the base of Q2 will increase in a negative direc- 
tion, Since both transistors are of the PNP type, 
the potentials applied to their respective base 
elements will cause the conduction of Q) to de- 
crease and the conduction of Q2 to increase. 

Current flows from the center tap of Tz 
TOWARDS point B. Under quiescent operating 
conditions these currents are equal and the mag- 
nitude and polarity of the voltage drops they 
produce are such that there is no difference of 
potential between points A and B. The center 
tap of Tz is fixedat the maximum negative value 
inthe circuit by virtue of being connectedto Vcc. 
Thus, the potentials at points A and B are less 
negative by some amount than the center tap, 
As stated, the positive alternation of the input 
signal causes the conduction of Q) to decrease, 
In other words, point A becomes more negative 








Figure 37-16 - Class A, push-pull, power 
amplifier, 
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A6, In order to make the emitter output im- 
pedance equal to the collector output im- 
pedance. 


AT. Two stage. 
A8, Transformer phase splitter. 


A. No, Operating point would fall beyond the 
constant power dissipation curve (8 watts). 


Al0, No, The load line would not be tangent to 
the Ppmax curve. Power output would only 
be 2.6 watts. 





because it is approaching the value of the poten- 
tial at the center tap, The collector voltage 
waveform of Q), which is actually a graph of 
the potential at point A is seen to be increasing 
in a negative direction at this time. 

The positive alternation of the input signal 
also causes the conduction of Q2 to increase. 
This causes the potential difference between 
point B and the center tap to increase, Thus, 
the potential at point Bis increasing in a positive 
direction (as shown by the collector voltage 
waveform of Q2), Since point A is becoming 
more negative and point B is effectively be- 
coming more positive, there is a potential 
difference developed across the entire primary 
winding, By transformer action this potential 
difference is coupled to the secondary of T2 and 
appears as the waveform eout. 

On the negative alternation of the input signal 
the reverse of the above actions occurs, as can 
be seen by the collector voltage waveforms of 
Q) and Q», and the polarity of the voltage de- 
veloped across the primary of Tz is reversed. 

The power output from this class A push-pull 
circuit is more than twice that obtainable from 
a single ended, class A, power amplifier, An 
added advantage of this circuit is that, due to the 
push-pull action of the output transformer, all 
even harmonics are eliminated in the output (if 
the transistor circuits are balanced), Since the 
distortion is caused mainly by second harmonics, 
elimination of these harmonics will result ina 
relatively distortion-free output signal. 

The class A push-pull power amplifier finds 
its greatest application where minimum distor- 
tion is the primary consideration and high output 
power and efficiency are deemed less important. 


Qll. Give two main advantages of the class A 
push-pull amplifier over the single stage power 
amplifier. 





Chapter 37 - TRANSISTOR AF AMPLIFIER 
37-10, Cla: B, Push-Pull, Zero Bi 
Amplifier 








Figure 37-17 shows a simplified circuit of a 


class B amplifier. The emitter-base junctions 
are zero biased, In this circuit each transistor 


f OUTPUT 


Figure 37-17 - Class B, push-pull amplifier 
with zero input bias, 


conducts on alternate half cycles of the input sig- 
nal, The output signal is combined inthe secon- 
dary of the output transformer. Maximum 
efficiency is obtained even during idling (no in- 
put signal) periods, because neither transistor 
conducts during this period, 

An indication of the output current waveform 
for a given signal current input can be obtained 
by considering the dynamic transfer characteris- 
tic for the amplifier, It is assumed that the two 
transistors have identical dynamic transfer 
characteristics. This characteristic, for one 
of the transistors, is shown in Figure 37-18A, 
The variation in output (collector) current is plot- 
ted against input (base) current under load con- 
ditions, Since two transistors are used, the 
overall dynamic transfer characteristic for the 
push-pull amplifier is obtained by placing two 
of the curves (Figure 37-18A) back-to-back. 
The two curves are shown back-to-back and 
combined in Figure 37-18B. 

Note that the zero line of each curve is lined 
up vertically to reflect the zero bias current. In 
Figure 37-19, points on the input base current 
{a sine wave) are projected onto the dynamic 
transfer characteristic curve, The corres- 
ponding points are determined and projected as 
indicated to form the output collector current 
waveform, Note that severe distortion occurs 
at the crossover points; that is, at the points 
where the signal passes through zero vaiue. 
This is called crossover distortion. This type 
of distortion becomes more severe with low 
signal input currents. Crossover distortion can 
be eliminated by using a small forward bias on 
both transistors of the push-pull amplifier. 
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37-11, Class B, Push-Pull, Low Bias Amplifier 
A class B push-pull amplifier with a small 
forward bias applied to the base-emitter junc- 
tions is shown in Figure 37-20A. A voltage 
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Figure 37-18 - Dynamic transfer character- 
istic curves. 


divider is formed by resistors R2 and Ry. The 
voltage developed across Rj supplies the base- 
emitter bais for both transistors. This small 
forward bias eliminates crossover distortion. 

In the voltage divider (A, Figure 37-20), 
electron current flow from the battery is in the 
direction of the arrow. This current establishes 
the indicated polarity across resistor Rj to fur- 
nish the required small forward bias, Note that 
no bypass capacitor is used across resistor Ry. 
If a bypass capacitor were used (B, Figure 
37-20), the capacitor would charge (solid-line 
arrow) through the base-emitter junction of the 
conducting transistor (during the presence of a 
signal, and discharge (dashed-line arrow) 
through resistor Rj, The discharge current 
through resistor R, would develop a de voltage 
with the polarity indicated. This is a reverse 
bias polarity that could drive the amplifier into 
class C operation with the resultant distortion 
evenmore severe than crossover distortion. The 
capacitor must not be used. 

A study of the dynamic transfer characteris - 
tic curve of the amplifier demonstrates the 
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Figure 37-19 - Dynamic transfer character- 
istic curves of class B, push- 
pull amplifier with zero bias, 
showing input and output cur- 
rent waveforms, 














Figure 37-20 - Class B, push-pull amplifiers 
with small bias voltage applied. 
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All. More output power and less distortion at 
high signal level: 





rs 


elimination of crossover distortion, In A, 
Figure 37-21, the dynamic transfer character- 
istic curve of each transistor is placed back-to- 
back for zero base current bias conditions. The 
two curves are back-to-back and not combined. 
The dashed lines indicate the base current values 
when forward bias is appliedto obtain the over- 
all dynamic characteristic curve of the ampli- 
fier, With forward bias applied, the separate 


COLLECTOR cunnent 


Figure 37-21 - Dynamic transfer curves, low 
bias, cla 








Figure 37-22 - Dynamic transfer characteris- 
tic curves of class B, push- 
pull amplifier with small for- 
ward bias, showing input and 
output current waveforms. 





curve of each transistor must be placed back-to- 
back and aligned at the base bias current line 
(dashed line). The zero base current lines 
(solid lines) are offset (B, Figure 37-21), 

In Figure 37-22, points on the input base 
current (a sine wave) are projected onto the 
dynamic transfer characteristic curve. The 
corresponding points are determined and pro- 
jected as indicated to form the output collector 
current waveform, Compare this output current 
waveform with that shown in Figure 37-19. Note 
that crossover distortion does not occur when a 
small forward bias is applied. 


Q12, What is crossover distortion? 


Q13. How does the application of a small for- 
ward bias eliminate crossover distortion? 


COMPLEMENTARY SYMMETRY 


Junction transisto: are available as PNP 
and NPN types. The direction of electron cur- 
rent flow in the terminal leads of the one type 
of transistor is opposite to that in the corres- 
ponding terminal lead of the other type transistor. 

If the two types of transistors are connected 
in a single stage (Figure 37-23), the de electron 
current path (indicated by arrows) in the output 
circuit is completed through the collector- 
emitter junctions of the transistors. When 
connected inthis manner, the circuit is referred 
to as a complementary symmetry circuit, The 
complementary symmetry circuit provides all 
the advantages of conventional push-pull ampli- 
fiers without the need fora phase-inverter driver 
stage, or for a center-tapped input transformer, 





37-12, Complementary Symmetry Circuit 
Figure 37-22 shows two transistors in a com- 
plementary symmetry connection. Transistor 








Figure 37-23 - Zero bias complementary 
symmetry circuit. 
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Q) is a PNP transistor and transistor Q> is an 
NPN transistor. A negative going input signal 
forward biases transistor Q) and causes it to 
conduct, A positive going input signal forward 
biases transistor Q2 and causes it to conduct, 
As one transistor conducts, the other is non- 
conducting, because the signal that forward 
biases one transistor, reverse biases the other 
transistor. 

The resultant action in the output circuit 
can be understood by considering the circuit 
of Figure 37-24, This is a simplified version 
of the output circuit. The internal emitter- 
collector circuit of transistor Q) is repre- 
sented by variable resistor Rj and that of tran- 
sistor Q2 by variable resistor Rz. With no 
input signal and class B operation (zero emitter- 
base bias), the variable arms of the variable 
resistors can be considered to be in the OFF 
positions, No current flows through the tran- 
sistors nor through load resistor Ry. As the 
incoming signal goes positive, transistor Q2 
conducts and transistor Q) remains nonconduct- 
ing. Variable resistor Ry remains in the OFF 
position, The variable arm of resistor R2 
moves toward point 3and current passes through 
the series circuit consisting of battery Vcc2, 
resistor Rj, and variable resistor R2. The 
amount of current flow depends upon the mag- 
nitude of the incoming signal, the variable arm 
moving toward point 3 for increasing forward 
bias and toward point 4 for decreasing forward 








Figure 37-24 - Simplified version of output circuit 
of compiementary symmetry circuit, 
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bias. The current flows in the direction of the 
dashed arrow, producing a voltage with the in- 
dicated polarity. When the input signal goes 
negative, transistor Q) conducts and transistor 
Qz becomes nonconducting, The same action 
is repeated with variable resistor Rj. Current 
flows through battery Vcc}, variable resistor 
Rj}, and load resistor Ry in the direction shown 
by the solid-line arrow, and produces a voltage 
across resistor R1, with the polarity indicated, 
For class A operation of a complementary 
symmetry circuit (such as Figure 37-23), a 
voltage divider network is used to apply for- 
ward bias to the twotransistors sothat collector 
current is not cut off at any time. In the sim- 
plified circuit (Figure 37-24), the variable re- 
sistors will not be in the OFF position at any 
time. DC bias current in the output circuit flows 
out of the negative terminal of battery Vcc2 into 
the positive terminal of battery Voc), through 
variable resistor Rj, variable resistor Rz, and 
into the positive terminal of battery Voc2, No 
resultant current flows through resistor Ry. 
Under these conditions, the output circuit can be 
considered a balanced bridge, the arms of the 
bridge consisting of resistors Ry) and R2 and 
batters Vcc) and Vcc2- When the input signal 
goes positive, transistor Q2 conducts more and 
transistor Q) conducts le} In the simplified 
circuit, the variable arm of resistor Ry moves 
toward point land that of resistor Rz moves to- 
ward point 3. This action results in an unbal- 
anced bridge and resultant current flows through 
resistor Ry, in the direction of the dashed-line 
arrow, producing a voltage with the indicated 
polarity. When the input signal goes negative, 
transistor Q) conducts more and transistor Q2 
conducts less. In the simplified circuit, the 
variable arm of resistor Ry moves toward point 
2 and that of resistor Rz moves toward point 4, 
Again the bridge is unbalanced, and electrons 
flow through resistor Ry, in the direction of the 
solid-line arrow, producing a voltage with the 
indicated polarity. 

In either class B or class A operation no 
resultant de current flows through the load re- 
sistor or the primary of the output transformer, 
whichever is used as the load for the amplifier, 
Advantage of this property can be taken by con- 
necting the voice coil of a loudspeaker directly 
in place of resistor Ry. The voice coil will not 
be offset by de current flow through it and thus 
distortion will not occur. 





Q14, Would a zero bias complementary sym- 
metry circuit suffer from crossover distortion ? 


37-13, Output Circuits for Audio Power 
Amplifiers 
‘An output transformer is most often used as 
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Al2, Distortion resulting inthe output ofa class 
B, zero bias, push-pull amplifier due to 
the non-linear characteristics of the tran- 
sistors near cut-off. 


Al3. By moving the operating point away from 
the non-linear portion of the curve around 
cut-off, 


Al4, Yes, At the point where the input signal 
passes through zero, both transistors 
would be operating on the non-linear por- 
tions of their transfer characteristic 
curves (near cut-off), 


the output coupling device for an audio power 
amplifier. Output transformers used intransis- 
torized superheterodyne receivers vary in size 
and weight from 1/2 an ounce up to a pound, 
depending upon power output and other design 
requirements, 

The audio output transformer serves two 
primary functions; that of impedance matching 
and of providing dc isolation for the speaker 
voice coil. Since the impedance of most speakers 
is lower than the power amplifier output im- 
pedance, output transformers are usually of the 
step down type. 

For impedance matching, it should be re- 
membered that the ratio of primary impedance 
(2p) to secondary impedance (Zs) equals the 
square of the primary-to-secondary turns ratio: 


2 
2 (%p 
Zs \Ng. 
ees 
Np = [2p 
Ns V Zs 
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‘where: 


N, and Ng ; the number of primary and 
secondary turns respectively. 


Zp and Zg = the impedance of the primary 
and secondary respectively. 


By knowing the impedance ratio, a trans- 
formation can be selected to provide the required 
impedance match; or, given a particular trans- 
formers turns ratio, the impedance ratio it will 
match can be found, 

It should be noted that in a single-ended power 
amplifier, current always flows in one direction 
through the primary winding, Over a period of 
time this current will tend to magnetize the 
transformer core, Such magnetization shifts 
transformer operation towards the saturation 
region of the core and interfers with field build- 
up and collapse around the transformer windings, 
This results in a distorted output for large am- 
plitude signals. One method of overcoming this 
problem is to periodically reverse the trans- 
former primary connections, 

The advantage of push-pull operation, in this 
respect, is the dc current flows in opposite 
directions in each half of the primary winding, 
thus, the resultant residual magnetic effects in 
the core are cancelled, 

As was mentioned during the discussion of 
complimentary symmetry circuits, the output 
transformer can be completely climinated (under 
certain conditions) and the power transistor 
stage connected directly tothe speaker voice coil, 
In other words, if properly designed the speaker 
voice coilcan take the place of the output trans - 
former primary in some applications, 





Q15, What value of load impedance would have 
to be used to match the 32 k ohm output impedance 
of an audio amplifier if the only available output 
transformer had a turns ratio of approximately 
45:1 (44, 72:1 to be exact)? 
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EXERCISE 37 


How may transistor audio amplifiers be 
connected to high source resistances without 
the use of a transformer? List the advan- 
tages and/or disadvantages of the methods 
used. 

Under what class of operation must single- 
ended audio amplifiers be operated? Why? 
Why is RC coupling less efficient than trans- 
former coupling? 

What limits the frequency response when RC 
coupling is used (high and low)? 

What is the function of a volume control? 
List the requirements of a volume control. 
Sketch, and explain, a usable volume con- 
trol circuit. 

What is the primary function of a power 
amplifier? 

Define the terms “small signal", 
signal", and power amplifier. 
What component is generally used to couple 
the output of a power amplifier to its load? 
Why? 

In what manner does the output transformer 
of a push-pull amplifier differ from one 
used with a single ended amplifier? 

Why is it desirable to have the transfer 
characteristic curves exhibit approximately 
straight lines throughout the signal voltage 
range? 

What is a phase inverter? What is its pur- 
pose? 


"large 


13. 


14. 


15. 


16. 


1. 


18. 


19. 


20. 


2). 


22. 


23, 


24, 


25. 


Explain the operation of two types of phase 
inverters. 

What is meant by a constant collector power 
dissipation curve? 

Describe the operation of a single-ended 
class A power amplifier. 

What are the advantages of a two stage 
phase inverter over other types? 

Describe a method for preventionof cross- 
over distortion in a class B push-pull am- 
plifier. 

Why is a bypass capacitor NOT used in the 
bias network of a low bias class B push-pull 
amplifier. 

What is the result of second harmonics being 
present in the output signal? 

Explain the term "second harmonics" and 
cite an example. 

What circuit is best suited to the elimination 
of second harmonics? 

Describe the principles of operation of a 
complementary symmetry, push-pull am- 
plifier. 

Whatare the advantages of a complementary 
push-pull amplifier over other types of 
push-pull amplifiers? 

Why are most output transformers, used 
in power amplifiers, of the step down 
type? 

Why would dc flowing through a speaker 
voice coil produce distortion? 
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A15. Approximately 16 ohms. 








CHAPTER 38 
ELECTRON TUBE RECEIVERS 


Many of the principles, circuits, and com- 
ponents discussed in previous chapters are di- 
rectly applicable to radio receivers. A basic 
knowledge of them is therefore assumed in 
treating the material included in this chapter. 

At the radio transmitter the carrier fre- 
quency is modulated by the desired signal, which 
may consist of coded characters, voice, music, 
or other types of signals. AMPLITUDE MOD- 
ULATION (AM) occurs if the signals cause the 
amplitude of the output to vary. FREQUENCY 
MODULATION (FM) occurs if the signals cause 
the frequency of the carrier, or center fre- 
quency, to vary. Although there are other types 
of modulation, only AM receivers will be treat- 
ed in this chapter. 

The RF carrier wave with the modulating 
signal impressed upon it is transmitted through 
space as an electromagnetic wave tothe antenna 
of the receiver, As the wave passes across the 
receiving antenna, small ac voltages are in- 
duced in the antenna. These voltages are cou- 
pled into the receiver via the antenna coupling 
coil. The function of the receiver is to select 
the desired carrier frequency from those pres- 
ent in the antenna circuit and to amplify the 
small ac signal voltage. 
moves the carrier by the process of detection 
(rectification and the removal of the RF com- 
ponent) and amplifies the resultant audio signal 
to the proper magnitude to operate the loud- 
speaker or earphones. 


The receiver then re- 


Two major types of radio receivers are re- 
viewed in this chapter—the TUNED-RADIO- 
FREQUENCY (TRF) receiver, and the SUPER- 
HETERODYNE receiver. 


TRF RECEIVERS 


The tuned-radio-frequency receiver, gen- 
erally known as the TRF receiver, consists of 
one or more RF stages, a detector stage, one 
or more AF stages, a reproducer, and the 
necessary power supply. A block diagram of a 
TRF receiver is shown in Figure 38-1. The 
waveforms that appear in the respective sec- 
tions of the receiver are shown below the block 
diagram. 

The amplitude of the AM signal at the input 
of the receiver is relatively small because it 
has been attenuated in the space between the 
transmitter and the receiver. It is composed 
of the carrier frequency and the modulation 
envelope. The RF amplifier stages amplify 
the waveform, but they do not change its basic 
shape if the circuits are operating properly. 
The detector rectifies and removes the RF 
component of the signal. The output of the de- 
tector is a weak signalmade up only of the mod- 
ulation component, or envelope, of the incoming 
signal. The AF amplifier stages following the 


detector increase the amplitude ofthe AF signal 
to a value sufficient to operate the loudspeaker 
or earphones. 





Figure 38-1 - Block diagram of a TRF receiver and waveforms. 
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38 RF Section 

The ANTENNA-GROUND SYSTEM serves to 
introduce the desired signal into the first RF 
amplifier stage via the antenna coupling trans- 
former. For best reception the resistance of 
the antenna-ground system should be low. The 
antenna should also be of the proper length for 
the band of frequencies to be received; and the 
antenna impedance should match the input im- 
pedance of the receiver. The gain of most 
commercial receivers, however, is generally 
sufficient to make these values non-critical. 

The RF AMPLIFIERS in the TRF receiver 
have tunable tanks in the grid circuits. Thus, 
the receiver may be tuned so that only one RF 
signal within its tuning range is selected for 
amplification. When the tank is tuned to the 
desired frequency, it resonates and produces 
a relatively large circulating current. The 
grid of the RF amplifier then receives a rela- 
tively large signal voltage at the resonant fre- 
quency, and minimum signals at other frequen- 
cies. 

The relative ability of a receiver to select 
one particular frequency and to reject all others 
is called the SELECTIVITY of the receiver. 
The relative ability of the receiver to amplify 
small signal voltages is called the SENSITIVITY 
of the receiver, Both of these values may be 
improved by increasing the number of RF stages. 
When this is done, the tuning capacitors in the 
grid tank circuits are usually ganged on the 
same shaft and trimmers are added in parallel 
with each capacitor to make the stages track at 
the same frequency, In addition, the outer 
plates of the rotor sections of the capacitors 
are sometimes slotted to enable more precise 
alignment throughout the tuning range. 

Tetrodes or pentodes are generally used in 
RF amplifiers because, unlike triodes, they do 
not usually require neutralization. They also 
have higher gain than triodes. 

A typical RF amplifier stage employing a 
pentode is shown in Figure 38-2. Tuned cir- 
cuit L2C, is inductively coupled to Li, the an- 
tenna coil. Rj and C3 provide operating bias 
for the tube. C4 and R2 are the screen bypass 
capacitor and dropping resistor, respectively. 
The tuned circuit, L4Cg, couples the following 
stage inductively to L3. Both transformers are 
of the air-core type. The dotted lines indicate 
mechanical ganging of C] and C6 on the same 
shaft. The tuning capacitor in the next stage 
is also ganged on the same shaft. 

If it is desired to cover more than one fre- 
quency range, additional coils having the prop- 
er inductance are used. They are sometimes 
of the plug-in variety, but more generally they 
are mounted on the receiver and their leads 
are connected to a multicontact rotary switch. 











Figure 38-2 - RF amplifier stage. 


The latter method is preferable for BAND 
SWITCHING because the desired band can be 
selected simply by turning the switch, The 
same tuning capacitor is used for each band. 
However, when band switching is employed, 
the trimmers are connected across the indi- 
vidual tuning inductors and not across the main 
tuning capacitors. 

Decoupling circuits are designed for both 
RF and AF amplifiers to counteract feedback. 
Thus, in the RF amplifier in Figure 38-2, C5 
and R3 make up the decoupling circuit, R3 of- 
fers a high impedance to the signal current, but 
C5 offers a low impedance. Consequently the 
signal current is shunted to ground around the 
"B" supply. Since R3 also offers a high re- 
sistance to dc current, it may be replaced by a 
choke coil having a high impedance only to the 
signal current. Each stage is similarly equip- 
ped with a decoupling circuit. 

A mechanical or an electrical bandspread 
may be used as an aid in separating stations 
that are crowded together on the tuning dial. 
MECHANICAL BANDSPREAD is simply a 
micrometer arrangement to reduce the motion 
of the capacitor rotor as the tuning knob is 
turned. When ELECTRICAL BANDSPREAD is 
used a small variable capacitor is connected in 
parallel with the tuning capacitor. Because of 
its small size, this variable capacitor may be 
moved a considerable amount before it causes 
an appreciable change in the frequency of the 
tuned circuit. If the tuning capacitors are 
ganged, the bandspread capacitors are also 
ganged. 





38-2. Detector 

The process of removing the intelligence 
component of the modulated waveform from 
the RF carrier is called DETECTION or DE- 
MODULATION. In the AM system the audio or 
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intelligence component causes both the positive 
and the negative half cycles of the RF wave to 
vary in amplitude. The function of the detector 
is to rectify the modulated signal. A suitable 
filter eliminates the remaining RF pulses and 
passes the audio component on to the AF am- 
plifiers. 

Details of the various methods of detection 
will be discussed in a subsequent paragraph. 
Each of the several methods that might be used 
inthe TRF receiver have certain inherent weak- 
nesses. For example, the diode detector re- 
quires several stages of amplification ahead of 
the detector. It loads its tuned input circuit, 
and therefore the sensitivity and selectivity of 
the circuit are reduced. However, it can handle 
strong signals without overloading, and its lin- 
earity is good. 

The grid-leak detector is sensitive (and 
therefore requires fewer stages of amplifica- 
tion), but it has poor linearity and selectivity 
and it may be overloaded on strong signals. 

The circuit shown in Figure 38-3 employs 
plate detection. It has medium sensitivity and 
the ability to handle strong signals without 
overloading. The selectivity of this circuit is 
excellent, but because the ip-eg graph is curved 
near the cutoff point (where the plate detector 
operates) some distortion in the output cannot 
be avoided. 

In Figure 38-3, the tube is biased nearly to 
cutoff by the average plate current that flows 
through Rj. This average value increases as 
the signal strength increases. On positive half 
cycles of the incoming signals the plate current 
varies with the amplitude of the modulating 
wave and produces the desired AF output volt- 
age. On negative half cycles no appreciable 
plate current flows. Between positive half cy- 
cles the bias voltage is held constant across Ri 
by the action of C3, because the time constant 





Figure 38-3 - Plate detector circuit. 





of R1C3 is long compared with the time for the 
lowest AF cycle. 

The RF pulses are filtered out by means of 
a low-pass filter (consisting of C4, Lz, and 
Cs), which rejects the RF component and passes 
the AF component. C6 couples the AF compo- 
nent to the first audio amplifier. Rz is the 
plate load resistor, and the combination R3C7 
makes up the decoupling circuit. 


38-3. AF Section 

The function of the AF section ofa receiver 
is to further amplify the audio signal, which 
is commonly fed via the volume control to the 
grid of the first audio amplifier tube. In most 
cases the amount of amplification that is neces- 
sary depends on the type of reproducer used. 
If the reproducer consists of earphones, only 
one stage of amplification may be necessary. 
If the reproducer is a large speaker or other 
mechanical device requiring a large amount of 
power, several stages may be necessary. In 
most receivers the last AF stage is operated as 
a power amplifier. 

A necessary part of the AF section is some 
means of manual control of the output signal 
level of the receiver. 

A MANUAL VOLUME CONTROL may be 
employed in a number of receiver circuits. 
Normally this control varies the amplitude of 
the signal applied to the grid of an amplifier 
tube, as shown in Figure 38-3. Increasing the 
resistance between ground and the sliding con- 
tact increases the amplitude of the signal ap- 
plied to the grid of the driven stage, 

An AF OUTPUT STAGE is shown in Figure 
38-4. C1 couples the first AF amplifier to the 
output stage, and R} is the grid coupling resis- 
tor. R2 and C2 provide a steady bias. Because 
of the low frequencies involved, Cz should have 
a larger value of capacitance than similar by- 
pass capacitors in the RF section. C4 is the 
plate-bypass, or decoupling capacitor. C3 has 
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Figure 38-4 - Audio amplifier output stage. 


156 

a@ small value of capacitance and bypasses some 
of the higher frequencies around the output 
transformer, thus emphasizing the bass. The 
impedance of the output-transformer primary 
commonly represents 2 compromise between 
maximum power transfer and minimum distor- 
tion. The impedance of the secondary is chosen 
to match the impedance of the voice coil. Some 
secondaries have taps on the windings to permit 
an impedance match to a variety of voice-coil 
impedances. 

TONE CONTROL may be used in commu- 
nications receivers. The purpose of tone con- 
trol is to emphasize either the low or the high 
frequencies by shunting the undesired frequen- 
cies around the remainder of the circuit com- 
ponents inthe audio section. A simple tone- 
control circuit, such as the series capacitor 
C5 and variable resistor R3 combination shown 
in Figure 38-4, may be connected between plate 
and ground or between grid and ground in any of 
the audio stages of a receiver. In this figure it 
is connected between plate and ground. The 
value of the series capacitor is such that it will 
bypass to ground the high-frequency compo- 
nents. The amount of high-frequency energy 
removed by the tone-control circuit is deter- 
mined by the setting of the variable-resistor 
control arm, When the resistance is low, the 
high frequencies are attenuated; when it is high 
they appear in the output. 

Feedback voltage from output to input is 
sometimes developed across the impedance of 
the common power supply. For frequencies 
within the usable audio range, this impedance 
is sufficiently low so that insufficient feedback 
is obtained to cause oscillation. However, for 
extremely low frequencies, the capacitors in 
the power supply will sometimes have enough 
impedance to cause oscillation. 

MOTORBOATING IN AUDIO STAGES.—When 
two or more audio amplifier stages are supplied 
from a common B supply, feedback occurs as 
a result of common coupling between the plate 
circuits, and some method of decoupling must 
be employed. The coupling consists of the in- 
ternal impedance of the source of plate voltage. 
The feedback may either increase or decrease 
the amplification depending on the phase rela- 
tion between the input voltage and the feedback 
voltage. In a multistage amplifier the greatest 
transfer of feedback energy occurs between the 
final and first stages because of the high ampli- 
fication through the multistage amplifier. 

The effects of feedback are important if the 
feedback voltage coupled into the plate circuit 
of the first stage is appreciable compared to 
the signal voltage that would be developed if 
feedback did not exist. For example, a three- 
stage resistance-coupled amplifier may develop 
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a feedback voltage (coupled via the B supply into 
the plate circuit of stage 1) which is in phase 
with the signal voltage of stage 1 and hence may 
cause oscillations to be set up. In audio ampli- 
fiers having high gain and a good low-frequency 
response this regeneration causes a low-fre- 
quency oscillation known as "motorboating" be- 
cause of the "putt-putt" sound in the speaker. 

Design engineers usually decouple plate cir- 
cuits by adding a series resistor to the input 
stage, between its plate load and B+, and by- 
passing that resistor to ground. The appear- 
ance of motorboating reveals the need of re- 
placing either the decoupling resistor or its 
bypass capacitor. 





38-4. Circuit of the TRF Receiver 

The complete circuit of a TRF radio re- 
ceiver operated from an ac power supply is 
shown in Figure 38-5. The receiver uses two 
pentodes in the RF section, one triode oper- 
ated as a plate detector, and two pentode AF 
amplifier stages that feed the loudspeaker. 

From previous discussions, the various 
circuits may be identified and the signal may be 
traced from the antenna-ground system to the 
loudspeaker. The dotted lines indicate that the 
three main tuning capacitors are ganged on a 
single shaft. Across each of the main tuning 
capacitors is connected a trimmer capacitor 
to enable circuit alignment. The ground circuit 
and the various decoupling circuits may be 
readily identified. The power supply voltage is 
obtained from a conventional full-wave recti- 
fier. Rectifier and tube filament currents are 
obtained from two low-voltage windings on the 
power transformer. 


38-5. Characteristics of the TRF Receiver 
The principal disadvantage of the TRF re- 
ceiver is that its selectivity, or its ability to 
separate signals, does not remain constant over 
its tuning range. As the set is tuned from the 
low-frequency end of its tuning range to the 
high frequency end, its selectivity decreases. 
Also, the amplification, or gain, of a TRF 
receiver is not constant over the tuning range 
of the receiver. The gain depends on RF trans- 
former gain, which increases with frequency. 
In order to improve the gain atthe low-frequen- 
cy end of the band, RF transformers employing 
high-impedance (untuned) primaries are de- 
signed so that the primary inductance will res- 
onate with the primary distributed capacitance 
at some frequency slightly below the low end of 
the tunable band. Thus, the gain is good at the 
low end of the band because of the resonant 
buildup of primary current. The near-resonant 
condition of the primary at the low end more 
than offsets the effect of reduced transformer 
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Figure 38-5 - Circuit of a TRF receiver. 


action. However, the shunting action of the 
primary distributed capacitance lowers the gain 
at the high-frequency end of the band. To make 
up for the resultant poor gain at the high end of 
the band, a small capacitor is connected be- 
tween the plate and grid leads of adjacent RF 
stages to supplement the transformer coupling. 
Atthe low end of the band the capacitive coupling 
is negligible. 

The superheterodyne receiver has been de- 
veloped to overcome many of the disadvantages 
of the TRF receiver. 


SUPERHETERODYNE RECEIVERS 


The essential difference between the TRF 
receiver and the superheterodyne receiver is 
that in the former the RF amplifiers preceding 
the detector are tunable over a band of fre- 
quencies; whereas in the latter the corre- 


sponding amplifiers are tuned to one fixed fre- 
quency called the INTERMEDIATE FREQUEN- 
CY (IF). The principle of frequency conver- 
sion by heterodyne action is here employed to 
convert any desired station frequency within the 
receiver range to this intermediate frequency. 
Thus an incoming signal is converted to the 
fixed intermediate frequency before detecting 
the audio signal component, and the 1F ampli- 
fier operates under uniformly optimum condi- 
tions throughout the receiver range. The IF 
circuits thus may be made uniformly selec- 
tive, uniformly high in voltage gain, and uni- 
formly of satisfactory bandwidth to contain all 
of the desired sideband components associated 
with the amplitude modulated carrier. 

The block diagram of a typical superheter- 
odyne receiver is shown in Figure 38-6. Be- 
low corresponding sections of the receiver are 
shown the waveforms of the signal at that point. 
The RF signal from the antenna passes first 
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Figure 38-6 - Block diagram of a superheterodyne receiver and waveforms. 


through an RF amplifier (preselector) where the 
amplitude of the signal is increased. A locally 
generated unmodulated RF signal of constant 
amplitude is then mixed with the carrier fre- 
quency in the mixer stage. The mixing or 
heterodyning of these two frequencies produces 
an intermediate frequency signal which contains 
all of the modulation characteristics of the 
original signal. The intermediate frequency is 
equal to the difference between the station fre- 
quency and the oscillator frequency associated 
with the heterodyne mixer. The intermediate 
frequency is then amplified in one or more 
stages called INTERMEDIATE FREQUENCY 
(IF) AMPLIFIERS and fed to a conventional de- 
tector for recovery of the audio signal. 

The detected signal is amplified in the AF 
section and then fedto a headset or loudspeaker. 
The detector, the AF section, and the repro- 
ducer of a superheterodyne receiver are basi- 
cally the same as those in a TRF set, except 
that diode detection is generally used in the 
superheterodyne receiver. Automatic volume 
control or automatic gain control also is com- 
monly employed in the superheterodyne re- 
ceiver. 


Ql. Why would a triode, used as an RF ampli- 
fier require neutralization? 


Q2. What are the main disadvantages of the 
TRF receiver? 


38-6. RF Amplifier 

lf an RF amplifier is used ahead of the mixer 
stage of a superheterodyne receiver it is gen- 
erally of conventional design. Besides ampli- 
fying the RF signal, the RF amplifier has other 
important functions. For example, it isolates 
the local oscillator from the antenna-ground 
system, If the antenna were connected directly 


to the mixer stage, a part of the local oscil- 
lator signal might be radiated into space. This 
signal could be picked up by a sensitive direc- 
tion finder on any enemy ship. For this reason 
and others, Navy superheterodyne receivers 
are provided with at least one RF amplifier 
stage. 

Also, if the mixer stage were connected di- 
rectly to the antenna, unwanted signals, called 
IMAGES, might be received, because the mixer 
stage produces the intermediate frequency by 
heterodyning two signals whose frequency dif- 
ference equals the intermediate frequency. 
(The heterodyne principle is treated later in 
this chapter. ) 

The image frequency always differs from 
the desired station frequency by twice the inter- 
mediate frequency—Image frequency = station 
frequency + (2 X intermediate frequency). The 
image frequency is higher than the station fre- 
quency if the local oscillator frequency tracks 
(operates) above the station frequency (Figure 
38-7,A). The image frequency is lower than 
the station frequency if the local oscillator 
tracks below the station frequency (Figure 38-7, 
B). The latter arrangement is generally used 
for the higher frequency bands, and the former, 
for the lower frequency bands. 

For example, if such a receiver having an 
intermediate frequency of 455 kc is tuned to 
receive a station frequency of 1500 kc (Figure 
38-7, A), and the local oscillator has a frequen- 
cy of 1955 ke, the output of the i-f amplifier 
may contain two interfering signals—one from 
the 1500-kc station and the other from an image 
station of 2410 ke (1500 +2 X 455 = 2410 ke). 
The same receiver tuned near the low end of 
the band to a 590-kc station has a local oscil- 
lator frequency of 1045 kc. The output of the 
IF amplifier contains the station signal (1045- 
590 = 455 kc) and an image signal (1500-1045 = 
455 kc). Thus the 1500-kc signal is an image 
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Figure 38-7 - Relation of image frequency 
to station frequency ina 
superheterodyne receiver. 


heard simultaneously with the 590-ke station 
signal. 

It may also be possible for ANY two signals 
having sufficient strength, and separated by the 
intermediate frequency to produce unwanted 
signals in the reproducer. The selectivity of 
the preselector tends to reduce the strength of 
these images and unwanted signals. 

The ratio of the amplitude of the desired 
station signal to that of the image is called the 
IMAGE REJECTION RATIO and is an important 
characteristic of a superheterodyne receiver. 
Better superheterodyne receivers are therefore 
equipped with one or more preselector stages, 
a typical example of which is shown in Figure 
38-9. 

The amplification of a tube may be control- 
led by varying the bias voltage applied to the 
grid, but normally the range of this control is 
limited by the cutoff bias and the permissible 
distortion. In receivers employing automatic 
volume control (AVC) in the RF amplifier sec- 
tion, the amplification is varied over a wide 
range so that strong or weak signals may be 
accommodated. To permit this increased range 
of volume control, the variable-mu tube was 
developed. This tube is also known as the 
supercontrol or remote cutoff type. 

The only difference in construction between 
variable-mu tubes and normal, or sharp cutoff 
tubes in in the spacing between the turns of the 
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control grid. In sharp cutoff tubes the turns of 
the grid wires are equally spaced, while in re- 
mote cutoff types the grid turns are closely 
spaced atthe ends and widely spaced in the cen- 
ter. The construction of variable-mu tubes is 
shown in Figure 38-8, A. 

With a small bias voltage, electrons flow 
through all the spaces of the grid and the am- 
plification factor is relatively large because of 
the close spacing of the end turns of the control 
grid. As the bias is increased, the electron 
flow is cut off through the narrow spaces atthe 
ends of the grid structure. However, they are 
still able to pass through the relatively large 
spaces at the center of the grid. The increased 
bias causes a decrease in the amplification due 
to the coarser turns in the central portion of 
the grid. A much greater value of bias is re- 
quired to cut off the plate current flow in this 
type of tube. The remote-cutoff tube is so 
named because the cutoff bias value is greater 
than (more remote from) the value required to 
cut off plate current flow in tubes of evenly 
spaced turns. 

Figure 38-8,B, shows the i,-e, curves for 
both a conventional sharp cutoff tute and a var- 
iable-mu or remote-cutoff tube. The cutoff bias 
for the normal tube is -5 volts, and because the 
slope is almost constant any change in bias pro- 
duces little change in amplification. Contrasted 
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Al. The triode would require neutralization 
to suppress the effects of feedback, which 
occur due to the high grid to plate capac- 
ity. 


A2, The main disadvantages of the TRF re- 
ceiver lie in the variations in selectivi 
and gain which occur over the tuning range. 








Figure 38-9 - Typical superheterodyne 
preselector stage 


with this characteristic, the curve for the var- 
iable-mu tube has a pronounced change in slope 
as the grid bias is increased from -10 volts to 
-15 volts anda small value of plate current is 
still flowing at a bias of -25 volts. The chang- 
ing slope of this curve indicates a variation of 
amplification with bias. Thus, if a variable- 
mu tube is used witha bias source that varies 
with the signal strength, (AVC bus Figure 38-9), 
the output signal can be made substantially in- 
dependent of the input signal strength. 

The preselector stage employs a variable- 
mu tube and cathode bias. L} is the antenna 
coil, Lg and C1 make up the tuned input cir- 
cuit, and Cz is the trimmer used for alignment 
purposes. The dotted line indicates ganged 
tuning capacitors. Usually these are the tuning 
capacitor of the mixer input tank circuit and 
the local oscillator tuning capacitor. C3 pro- 
vides low impedance coupling between the lower 
end of Lz and the grounded end of Cz, thus by- 
passing the decoupling filters in the automatic- 
volume-control (AVC) circuit, (Automatic-vol- 
ume, or automatic-gain, control is treated 
later in this chapter.) The RF transformer in 
the output circuit consists of an untuned high- 
impedance primary, L3, and a tuned secondary. 
L4, which resonates with tuning capacitor C5 


at the station frequency. RF bypass capacitor 
Cg serves a function similar to that of C3. 


38=7._ First Detector 

The first detector, or frequency-converter, 
section of a superheterodyne receiver is com- 
posed of two parts—the oscillator and themixer. 
In many receivers, particularly at broadcast 
frequencies, the same vacuum tube serves both 
functions, as in the pentagrid converter shown 
in Figure 38-10. The operation of the tube may 
be simplified somewhat if both stages (oscil- 
lator and mixer) are considered as exerting 
two different influences on the stream of elec- 
trons from cathode to plate. These electrons 
are influenced by the oscillator stage (grids, 
1, 2, and 4) and also by the station input sig- 
nalon grid number 3. Thus, coupling between 
the input signal and the oscillator takes place 
within the electron stream itself. 

There is a tendency for the local oscillator 
to synchronize with the station frequency signal 
applied to grid 3. At high frequencies where 
the two signals have nearly the same frequency, 
the pentagrid converter is replaced witha mixer 
tube and a separate oscillator tube. This type 
of circuit provides frequency stability for the 
local oscillator. 

The oscillator stage employs a typical Hart- 
ley circuit in which C5 and the oscillator coil 
make up the tuned circuit. C4 is the trimmer 
capacitor which is used for alignment (tracking) 
purposes. C3 and Rz provide grid-leak bias 
for the oscillator section of the tube. Grid 1 is 
the oscillator grid, and grids 2 and 4 serve as 
the oscillator plate. Grids 2 and 4 are con- 
nected together and also serve as a shield for 
the signal input grid, 3. 

Grid 3 has a variable-mu characteristic, 
and serves as both an amplifier and a mixer 
grid. The tuned input is made up of Ly and 
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Figure 38-10 - First detector employing a 
pentagrid converter. 


Chapter 38 - ELECTRON TUBE RECEIVERS 


161 





Ci, with the parallel trimmer C2. The dotted 
lines drawn through C, and Cs indicate that 
both of these capacitors are ganged onthe same 
shaft (in this example with the preselector tun- 
ing capacitor). The plate circuit contains the 
station frequency and the oscillator frequency 
signals both of which are bypassed to ground 
through the low reactance of Cg and C7. The 
heterodyne action within the pentagrid converter 
produces additional frequency components in the 
plate circuit, one of whichis the difference fre- 
quency between the oscillator and the station 
frequency. The difference frequency is the 
intermediate frequency and is developed across 
Cg and Lg. This signal is coupled to the first 
IF amplifier grid through the desired band-pass 
coupling which is wide enough to include the 
sideband components associated with the am- 
plitude-modulated signal applied to grid 3 of 
the pentagrid converter. 

The conversion gain in a pentagrid converter 
is, 

P= VaSe. (38-1) 
where Vq is the ac plate resistance with the 
station RF carrier applied, and S¢ is the con- 
version transconductance (30% to 40% of the gy, 
of the pentode amplifier), Conversion gain is 
the change in plate voltage at the intermediate 
frequency divided by the change in grid voltage 
at the RF station frequency for equal changes in 
plate current at the intermediate frequency. 
Expressed as a formula, 


conversion gain = Zz output volts (39.2) 
RF input volts 


The conversion gain of a typical pentagrid con- 
verter used in broadcast receivers ranges be- 
tween 30 and 80. 


38-8. Heterodyne Principle 


The production of audible beat notes is a 
phenomenon that is easily demonstrated. For 
example, if two adjoining piano keys are struck 
simultaneously, a tone will be produced that 
rises and decreases in intensity at regular in- 
tervals. This action results from the fact that 
the rarefactions and compressions produced by 
the vibrating strings will gradually approach a 
condition in which they reinforce each other at 
regular intervals of time with an accompanying 
increase in the intensity of the sound. Likewise 
at equal intervals of time, the compressions 
and rarefactions gradually approach a condition 
in which they counteract each other, and the in- 
tensity is periodically reduced. 

This addition and subtraction of the intensi- 
ties at regular intervals produces BEAT FRE- 


QUENCIES. The number of beats produced per 
second is equal to the difference between the 
two frequencies. 

The production of beats in a superheterodyne 
receiver is somewhat analogous to the action of 
the piano, except that with the receiver the pro- 
cess is electrical and the frequencies are much 
higher. Figure 38-11 indicates graphically how 
the beat frequency (intermediate frequency) is 
produced when signals of two different frequen- 
cies are combined in the mixer tube. The re- 
sultant envelope varies in amplitude at the dif- 
ference frequency, as indicated by the dotted 
lines. 

In this example, one voltage, e,, has a fre- 
quency of 8 cycles per second and the other 
voltage, €o, has a frequency of 10 cycles per 
second. Initially, the amplitudes of the two 
voltages add at instant A, but at instant B the 
relative phase of e, has advanced enough to 
oppose es, and the amplitude of the resultant 
envelope is reduced toa value dependent upon 
es. At instant C the relative phase of eg has 
advanced enough to permit the amplitudes to 
add again. Thus, 1 cycle of amplitude variation 
of the envelope takes place in the time interval 
that eg needs to gain | cycle over es. From 
Figure 38-11 it may be seen that eg gains 2 
cycles in the interval Ato E. Therefore, the 
beat or difference frequency is 2 cycles per 
second. In the superheterodyne receiver the 
amplitude of the oscillator signal is designed to 
be greater than that of any received signal. 


38-9. _1F Amplifier 
The IF amplifier is a high-gain circuit com- 
monly employing pentode tubes. This ampli- 


fier is tuned to the frequency difference be- 





Figure 38-11 - Simplified graphical analysis 
of the formation of beats. 
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tween the local oscillator and the incoming RF 
signal. Pentode tubes are generally employed, 
with one, two, or three stages, depending on the 
amount of gain needed. As previously stated, 
all incoming signals are converted to the same 
frequency by the frequence converter, and the 
IF amplifier operates at only one frequency. 
The tuned circuits, therefore, are permanently 
adjusted for maximum gain consistent with the 
desired band pass and frequency response. 
These stages operate as class-A voltage am- 
plifiers and practically all of the selectivity of 
the superheterodyne receiver is developed by 
them. 

Figure 38-12 shows the first IF amplifier 
stage. The minimum bias is established by 
means of R1C,. Automatic volume contro] may 
be applied to the grid through the secondary of 
the preceding coupling transformer. 

The outputIF transformer, which couples 
the plate circuit of this stage to the grid circuit 
of the second IF stage, is tuned by means of 
capacitors Cz and C3. Mica or air-trimmer 
capacitors may be used. In some instances the 
capacitors are fixed, and the tuning is accom- 
plished by means of a movable powdered-iron 
core. This method is called PERMEABILITY 
tuning. In special cases the secondary only is 
tuned (single tuned). The coils and capacitors 
are mounted in small metal cans which serve 
as shields, and provision is made for adjusting 
the tuning without removing the shield. 

The input IF transformer has a lower co- 
efficient of coupling than the output transformer 
in some receivers in order to suppress noise 
from the pentagrid converter. The output IF 
transformer is slightly overcoupled with double 
humps appearing at the upper and lower side- 
band frequencies. The overall response of the 
stage is essentially flat, and in typical broad- 
cast receivers has a voltage gain of about 200 





Figure 38-12 - First IF amplifier stage. 


with a bandpass of 7 to 10 ke and an IF of about 
456 ke. 

The chief characteristic of the double-tuned 
bandpass coupling is that at frequencies slightly 
above and slightly below the intermediate fre- 
quency the impedance coupled into the primary 
by the presence of the secondary is reactive. 
This cancels some of the reactance existing in 
the primary, and the primary current increases. 
Thus the output voltage of the secondary does 
not fall off and the response is uniform within 
the pass band. 


38-10. Demodulation of Waves 

DEMODULATION, or DETECTION, is the 
process of recovering the intelligence from a 
modulated wave. When a radio carrier wave is 
amplitude-modulated, the intelligence is im-~- 
posed onthe carrier in the form of amplitude 
variations of the carrier. The demodulator of 
an amplitude-modulated (AM) wave produces 
currents or voltages that vary with the ampli- 
tude of the wave, Likewise, the frequency- 
modulation (FM) detector and the phase-modu- 
lation (PM) detector change the frequency var- 
iations of an FM wave, and the equivalent phase 
variations of a FM wave into currents or volt- 
ages that vary in amplitude with the frequency 
or phase changes of the carrier. 

The instantaneous amplitude, eo, of the car- 
rier may be represented as 


eo = Eo sin (2mfgt +0), (38-3) 


where Eg is the maximum amplitude of the 
original carrier, fo the frequency of the car- 
rier, and @ the phase angle (for AM signals, 
@ may be considered as zero). One or more 
of the independent variables (those on the right- 
hand side of the equation) may be made to vary 
in accordance with the modulating signal to pro- 
duce a variation in Ep. However, the general 
practice is to vary only one of the values—Eo 
(for AM), fo (for FM), or @ (for PM)—and to 
prevent any variation in the others. 

The detector in the receiver must therefore 
be designed so that it will be sensitive to the 
type of modulation used at the transmitter, and 
insensitive to any other. 

Most Navy equipment is designed for ampli- 
tude modulation. A clear understanding of the 
mechanism of AM detection is therefore very 
important. 

AM modulators and demodulators are non- 
linear devices. A NONLINEAR DEVICE is one 
whose current-voltage relation is not a straight 
line. Because the ratio of current to voltage is 
not constant, the device has a nonlinear imped- 
ance—for example, one of the electron-tube de- 
tectors to be considered later—the average out- 
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put current is the difference between each suc- 
cessive positive and negative swing of the out- 
put signal current, as shown in Figure 38-13. 
The average output (signal component) follows 
the envelope of the incoming modulated wave 
more or less closely, depending on the shape 
of the nonlinear curve. Because the envelope 
of the incoming AM wave contains the desired 
audio frequency, a nonlinear device demodu- 
lates the AM wave. 

For an understanding of the differences in 
the output frequencies of the various detectors 
it is necessary to examine the frequencies in- 
volved in both modulation and demodulation. 


Q3. What is motorboating in an audio ampli- 
fier? 


Q4. What is the purpose of the small trimmer 
capacitors in parallel with the tuned circuits of 
a receiver? 


38-11. Comparison of Amplitude Modulation 
and Demodulation 


lf at the transmitter an RF carrier and a 
single-frequency audio-modulating signal of 
sine waveform are impressed on a LINEAR 
device, the output waveform from the linear 
device will contain the same RF and AF signal 
frequencies. The tuned RF amplifiers in the 
transmitter will amplify the RF carrier, but 
will eliminate for all practical purposes the AF 
component. Under these circumstances only 
the carrier will be radiated; and it will be inef- 
fective in "carrying" the intelligence compo- 
nent. 

A very different result is obtained if an RF 
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Figure 38-13 - Results of impressing an 
AM wave ona nonlinear 
device. 
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carrier anda single frequency audio-modulating 
signal of sine waveform are impressed on a 
NONLINEAR device. In this instance distortion 
is introduced and, asa result, additional fre- 
quencies are produced. In addition to the orig- 
inal frequencies, sum-and-difference frequen- 
cies are generated, and a zero-frequency, or 
dc component, is added. The tuned circuits at 
the transmitter now respond to the carrier and 
the upper and lower sidebands; but, as before, 
the AF modulating signal is discriminated 
against. However, this AF component is re- 
placed, or generated, by the demodulator in 
the receiver. 

In the receiver the carrier and the two side- 
bands are impressed on a second nonlinear de- 
vice called the DEMODULATOR. If the demod- 
ulator has an IDEAL nonlinear curve it will 
distort the incoming waveform (the positive 
halves of the cycle will be different from the 
negative halves). Therefore, in addition to the 
RF carrier and the two sidebands, the SIGNAL 
FREQUENCY (which is the difference between 
the upper sideband and the carrier or the dif- 
ference between the carrier and the lower side- 
band) and a zero-frequency (or de component) 
will be produced. This dc component may be 
used for automatic volume control. 

If the demodulator used in the receiver does 
not have an ideal nonlinear curve, but has a 
PRACTICAL realizable curve such as the 
square-law curve, additional frequencies will 
be produced. These frequencies will be har- 
monics of all frequencies present in the input. 
They are produced because input voltages hav- 
ing larger amplitudes are distorted differently 
from input voltages having smaller amplitudes. 
The RF harmonics may be filtered in the output 
of the demodulator, but the AF harmonics are 
not easily eliminated. 

Thus, modulation and demodulation are es- 
sentially the same in that the waveform is dis- 
torted in each case and new frequencies are 
produced. 





38-12. Types of AM Detectors 
Detectors are classified according to the 


shape of their current-voltage (characteristic) 
curve. If the curve is smooth, as in Figure 
38-13, the detector is called a SQUARE-LAW 
DETECTOR. It is called a square-law detector 
because, for a first approximation, the output 
voltage is proportional to the square of the ef- 
fective input voltage. 

If the current-voltage curve of the detector 
is shaped like an obtuse angle, as in Figure 
38-14, A the curve is still nonlinear because of 
the abrupt change in shape at the knee. Be- 
cause the detector action takes place on the lin- 
ear portions of the curve on both sides of the 
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A}. Motorboating is a self-sustained, low fre- 
quency oscillation produced in an audio 
amplifier, due to regenerative feedback 
occurring between the outputand input am- 
plifier stages. 


A4, The trimmer capacitors adjust the track- 
ing of the tuned circuits at the high fre- 
quency end of the band. 
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Figure 38-14 - Linear detectors. 


knee, this type of detector is called a LINEAR 
DETECTOR. It is called a linear detector 
merely to distinguish it from a square-law de- 
tector. Both the square-law detector and the 
linear detector are actually NONLINEAR de- 
vices. 

The rectified output voltage of a linear de- 
tector is proportional to the input voltage. The 
output of a square-law detector is proportional 
to the square of the input voltage. 

Detectors are also described as power de- 
tectors or as weak-signal detectors. If a de- 
tector is to handle RF carrier voltages having 
amplitudes greater than approximately 1 volt 
itis called a POWER DETECTOR. If the input 
signal strength is less than this amount the de- 
tector is called a WEAK-SIGNAL DETECTOR. 
Thus, the approximate value of | volt is the 
dividing line between the two detectors. Be- 
cause a linear detector cannot be obtained with 
a sharp discontinuity (angle) at the knee, weak 
signals are always detected on a curved portion 
of the characteristic, as shown in Figure 38-14, 
8. Thus, weak-signal detectors are always of 
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the square-law type. Power detectors may be 
either linear or square-law, depending on the 
application. 


38-13. Diode Detector 

The DIODE DETECTOR (Figure 38-15A) is one 
of the simplest and most widely used detectors, 
and has nearly an ideal resistance character- 
istic. Diodes have a point of sharp transition 
between the conducting (forward) and noncon- 
ducting (reverse) directions and therefore make 
good detectors, 

Early radio receivers.useda crystal detector 
that was made of galena, a mineral compound of 
sulfur and lead. The end of a short length of 
fine wire touched the surface of the crystal and 
was held against it by the pressure of a spring. 
The wire could be adjusted manually. When the 
operator found a sensitive spot the crystal rec- 
tified the signal and the operator heard the sig- 
nal in his earphones. 

Later applications of the crystal detector 
are found in radar and television. In these ap- 
plications the crystal diode is of a different 
form than the older type. It comprises a small 
crystal with a fine wire point contact bearing on 
the crystal surface. The components are con- 
tained ina sealed ceramic cartridge, The ad- 
vantage of the crystal diode as a rectifier of 
high frequency signals is the relatively low 
shunting capacitance between the crystal and 
the point contact, compared with the interelec- 
trode capacitance between the plate and cathode 
of the electron tube diode. 

The slight bend in the lower portion of the 
ip-ep characteristic curve for the electron tube 
diode (Figure 38-15, B) results from contact po- 
tential. 

Contact potential is the potential difference 
existing between the surfaces of metals of dif- 
ferent electron affinities that are in direct con- 
tact or are connected by means of an external 
circuit. This is true of the metal elements of 
electron tubes; and the voltages developed may 
be of the order of 1 volt or more. In the case 
of the diode, contact potential keeps the plate 
current from decreasing to zero when the plate 
voltage approaches zero. The current, how- 
ever, is very slight, and the characteristic 
curve is generally shown as zero when the ap- 
plied voltage is zero. Nevertheless, on low 
signal voltage, plate current does not increase 
as rapidly as it does after the contact potential 
has been exceeded. 

Because the diode characteristic is nearly 
straight on both sides of the knee, the diode de- 
tector is a linear detector. However, with weak 
signals, the output of the detector follows the 
square law because weak signals force the oper- 
ation to take place on the lower, curved portion 
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Figure 38-15 - Diode detector and waveforms. 


of the characteristic curve (Figure 38-15, B). 
Because the diode detector normally handles 
large input signals with minimum distortion, it 
is classified as a power detector. 

The modulated signal voltage (Figure 38-15, 
C) is developed across the tuned circuit, L2C], 
of the detector stage. Signal current flows 
through the diode only when the plate is positive 
with respect to the cathode—that is, only on the 
positive half cycles of the RF voltage wave. 

The rectified signal flowing through the 
diode (Figure 38-15,D) actually consists of a 
series of RF pulses and not a smooth outline or 
envelope. The average of these pulses, with 
little or no filtering, does increase and de- 
crease at the AF rate, as shown by the dotted 


line. Therefore, there is an audio voltage out- 
put even if no filtering is employed. However, 
some stray capacitance exists, and consequently 
some RF filtering takes place. 

Ifa capacitor (Cz in Figure 38-15, A) of the 
proper size is used as a filter, the output volt- 
age of the detector is increased and more near- 
ly follows the envelope. On the first quarter 
cycle of applied RF voltage, C2 charges up to 
nearly the peak value of the RF voltage (point A 
in Figure 38-15,E). The small voltage drop in 
the tube prevents Cz from charging up com- 
pletely. Then as the applied RF voltage falls 
below its peak value, some of the charge on C2 
leaks through R, and the voltage across R drops 
only a slight amount to point B. When the RF 
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voltage applied to the plate on the next cycle 
exceeds the potential at which the capacitor 
holds the cathode (point B), diode current again 
flows and the capacitor charges up to almost 
the peak value of the second positive half cycle 
at point C. 

Thus the voltage across the capacitor fol- 
lows very nearly the peak value of the applied 
RF voltage and reproduces the AF modulation. 
The detector output, after rectification and 
filtering, is a de voltage that varies at an audio 
rate, as shown by the solid line in Figure 38- 
15,E. The curve of the output voltage across 
the capacitor is shown somewhat jagged. Ac- 
tually, the RF component of this voltage is 
negligible and, after amplification, the speech 
or music originating at the transmitter is faith- 
fully reproduced. 

The correct choice of R and Cz (Figure 38- 
15, A) in the diode-detector circuit is very im- 
portant if maximum sensitivity and fidelity are 
to be obtained. The load resistor, R, and the 
plate resistance of the diode act as a voltage 
divider to the received signal. Therefore, the 
load resistance should be high compared with 
the plate resistance of the diode so that maxi- 
mum output voltage will be obtained. The value 
of Cz should be such that the RC time constant 
is long compared with the time ofone RF cycle. 
This is necessary because the capacitor must 
maintain the voltage across the load resistor 
during the time when there is no plate current. 
Also, the RC time constant must be short com- 
pared with the time of one AF cycle in order 
that the capacitor voltage can follow the modu- 
lation envelope. 

The values of R and C2 therefore place a 
limit onthe highest modulation (audio) frequency 
that can be detected. Figure 38-15,F, shows 
the type of distortion that occurs when the RC 
time constant is too large. At the higher modu- 
lation frequencies the capacitor does not dis- 
charge as rapidly as required, and negative 
peak clipping of the audio signal results. 

The efficiency of rectification in a diode is 
the ratio of the peak voltage appearing across 
the load to the peak input signal voltage. The 
efficiency increases with the size of R com- 
pared with the diode plate resistance, because 
R and the diode are in series across the input 
circuit and their voltages divide in proportion 
to their resistance. With audio frequencies, a 
large value of R may be used (of the order of 
100,000 ohms), and consequently the efficiency 
is relatively high (95%). When high modulation 
frequencies, such as those used in television, 
are necessary the value of R must be reduced 
to keep the RC time constant low enough to fol- 
low the envelope. Consequently the efficiency 
is reduced. 


The diode detector can handle large signals 
without overloading, and it can provide auto- 
matic-volume-control voltage without extra 
tubes or special circuits. However, it has the 
disadvantage of drawing power from the input 
tuned circuit because the diode and its load 
form a low-impedance shunt across the circuit. 

Consequently, the circuit Q, the sensitivity, 
and the selectivity are reduced. The interele 
trode capacitance of the diode detector limits 
its usefulness at high carrier frequencies, and 
the bend in the lower portion of current-voltage 
characteristic indicates that it distorts on weak 
signals. Therefore considerable amplification 
is needed before detection. 





Q5. Ina superheterodyne receiver, why must 
the local oscillator tuning circuit track with the 
station selector tuning circuits? 


38-14. Grid-Leak Detector 

The GRID-LEAK-DETECTOR functions like a 
diode detector combined with a triode amplifier. 
It is convenient to consider detection and ampli- 
fication as two separate functions. In Figure 
38-16, A, the grid functions as the diode plate. 
The values of Cq and Rq must be so chosen 
that Cg charges during the positive peaks of the 
incoming signaland discharges during the nega- 
tive peaks. The time constant of RqCq should 
be long with respect to the RF cycle and short 
with respect to the AF cycle. 

An approximate analysis of the waveforms 
existing in the diode (grid) circuit is shown in 
Figure 38-16, B. Part | shows the input wave- 
form which is also the waveform in the input 
tuned circuit. Because RF current ig flows in 
only one direction in the grid circuit, part 2 
shows a rectified current waveform in this 
circuit. Part 3 shows the waveform developed 
across Cg. This audio waveform is produced 
in the same way as the audio waveform in the 
diode detector. However, the waveform shown 
in part 3 is not the output voltage. In the grid- 
leak detector the waveform produced across Cq 
is combined in series with the RF waveform in 
the tuned circuit to produce the grid-to-cathode 
waveform shown in part 4. 

An approximate analysis of the waveforms 
existing in the triode plate circuit is shown in 
Figure 38-16,C. Part 5 is the plate-current 
waveform, and part 6 is the plate-voltage wave- 
form. 

Capacitor C discharges on the positive half 
cycles of grid input voltage (points 1, 3, 5, 7, 
9, 11, 13, and so forth), The discharge path 
is clockwise through the circuit including the 
tube and capacitor. The time constant of the 
discharge path is the product of the effective 
tube resistance and the capacitance of capac- 
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Figure 38-16 - Grid-leak detector and waveforms. 


itor C, and this time constant is short because 
the effective tube resistance is low. The in- 
crease in plate current is supplied by the ca- 
pacitor rather than the B supply, thus pre- 
venting any further increase in current through 
the RF choke and plate load resistor RL. 
Therefore, any further change in plate and ca- 
pacitor voltage is limited. 

Capacitor C charges up as plate voltage rises 
on the negative half cycles of RF grid input 
voltage (Figure 38-16,C, points 2, 4, 6, 8, 10, 
12, 14, and so forth). The charging path is 
clockwise through the circuit containing the ca- 
pacitor, RF choke, load resistor RL, and the 
B supply. The rise in plate voltage is limited 
by the capacitor charging current which flows 
through the RF choke and through Rp. The 
plate current decrease is approximately equal 
to the capacitor charging current; thus the total 
current through the RF choke and RL remains 
nearly constant, and the plate and capacitor 
voltage rise is checked. 

Positive grid swings cause sufficient grid 
current flow to produce grid-leak bias. Low 
plate voltage limits the plate current on no sig- 


nal in the absence of grid bias. Thus, the am- 
plitude of the input signal is limited, since with 
low plate voltage the cutoff bias is low, and 
that portion of the input signal that drives the 
grid voltage below cutoff is lost. The wave- 
form of the voltage across capacitor C is shown 
by the solid line in part 6 of Figure 38-16,C. 
The plate voltage ripple is removed by the RF 
choke (RFC), Part 7 shows the output-voltage 
waveform, This waveform is the difference 
between the voltage at the junction of RL and 
RFC with respect to the negative terminal of 
Ep and the voltage across coupling capacitor 
Cc, which for most practical purposes is a 
pure de voltage. 

Because the operation of the grid-leak detec- 
tor depends ona certain amount ofgrid-current 
flow, a loading effect is produced which lowers 
the selectivity of the input circuit. However, 
the sensitivity of the grid-leak detector is mod- 
erately high on low-amplitude signals. 


38-15. Plate Detector 
In a grid-leak-detector the incoming RF 
signal is detected in the grid circuit and the 
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AS. The local oscillator tuning circuit must 
track with the station selector tuning cir- 
cuits so that the oscillator will maintain a 
frequency whichis 455kc above the station 
frequency over the entire tuning range. 





resultant AF signal is amplified in the plate 
circuit. Ina PLATE DETECTOR, the RF sig- 
nal is first amplified in the plate circuit, and 
then it is detected in the same circuit. 

A plate detector circuit is shown in Figure 
38-17,A. The cathode bias resistor, Ri, is 
chosen so that the grid bias is approximately 
at cutoff during the time that an input signal 
of proper strength is applied. Plate current 
then flows only on the positive swings of grid 
voltage, during which time average plate cur- 
rent increases. The peak value of the ac input 
signal is limited to slightly less than the cutoff 
bias to prevent driving the grid voltage positive 
on the positive half cycles of the input signal. 
Thus, no grid current flows at any time in the 
input cycle, and the detector does not load the 
input tuned circuit, LC}. 

Cathode bypass capacitor C2 is large enough 
to hold the voltage across Ry steady at the low- 
est audio frequency to be detected in the plate 
circuit. Cis the demodulation capacitor across 
which the AF component is developed. Rz is 
the plate load resistor. The RF choke blocks 
the RF component from the output. R2C3 has a 
long time constant with respect to the time for 
one RF cycle so that C3 resists any voltage 
change which occurs at the RF rate. R2C3 has 
a short time constant with respect to the time 
for one AF cycle sothat the capacitoris capable 
of charging and discharging at the audio rate. 

The action ofthe plate detector may be dem- 
onstrated by the use of the ip-eg curve in Fig- 
ure 38-17,B. On the positive half cycle of RF 
input signal (point 1) the plate voltage falls be- 
low the B supply because of the increased drop 
across R2 and the RF choke. Capacitor C3 dis- 
charges. The discharge current flows clock- 
wise through the circuit including the tube and 
C3. Plate current is supplied by C3 rather 
than the B supply. The drop across Rz and the 
RF choke is limited, and the decrease in plate 
voltage is slight. 

On the negative half cycle of RF input signal 
(point 2) plate current is cut off and plate volt- 
age rises. Capacitor C3 charges. The charging 
current flows clockwise around the circuit in- 
cluding the RF choke, Rz, and the B supply. 
The drop across Rz and the RF choke contrib- 
uted by the charging current of C3 checks the 
rise in plate voltage. 

Thus, C3 resists voltage change at the RF 
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Figure 38-17 - Plate detector and waveforms. 


rate. Because C3Rz has a short time constant 
with respect to the lowest AF signal, the volt- 
age across C3 varies at the AF rate. 

The plate detector has excellent selectivity. 
Its sensitivity (ratio of AF output to RF input) 
is also greater than that of the diode detector. 
However, it is inferior to the diode detector in 
that it is unable to handle strong signals without 
overloading. Another disadvantage is that the 
operating bias will vary with the strength of the 
incoming signaland thus cause distortion unless 
a means is provided to maintain the signal in- 
put at a constant level. Thus, AVC or manual 
RF gain control circuits usually precede the 
detector. 


38-16. Second Detector 

Most superheterodyne receivers employ a 
diode as the second detector. This type of de- 
tector is practical because of the high gain as 
well as the high selectivity of the IF stages. 
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The diode detector has good linearity and can 
handle large signals without overloading. For 
reasons of space and economy, the diode de- 
tector and first audio amplifier are often in- 
cluded in the same envelope in modern super- 
heterodyne receivers. 

A simple diode detector is shown in Figure 
38-18. The rectified voltage appears across 
Rj, which also serves as the volume-control 
potentiometer. Capacitor C2 bypasses the RF 
component to ground, and C3 couples the out- 
put of the detector to the first audio amplifier 
stage. The tuned circuit LC) is the secondary 
of the last IF transformer. 

The time constant of Ry Cz is long compared 
to the time for one IF cycle but short compared 
to the time for one AF cycle. If the intermedi- 
ate frequency is 456 ke the time for one IF 
cycle in microseconds is 


a 
arase 219 pe 
If Ry} is 250 k-ohms and C2 is 100 pf the time 
constant in microseconds is 


0.25 x 100 = 25ys. 


The demodulation capacitor, C2, discharges 
through Ri in one-half the time for one AF cycle 
+: The time required to discharge Cz, is 
5R,C, seconds. Thus, 


1 
a RiCe 
«1 

TOR, Cy 
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10 x 0.250 x 106 x 100 x 10-12 





Thus, the highest audio frequency which C2 
is capable of following without distortion is, in 
this example, 4,000 cps. In order to increase 
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Figure 38-18 - Diode detector. 
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the response of the diode detector the time con- 
stant of R1Cz is reduced, for example, by de- 
creasing Ry to 100 k-ohms. The highest audio 
frequency now becomes 


1 
= TOR|G 
a ns 
10 x 0.100 x 106 x 100 x 10-12 


108 10,000 cps. 


102 


Demodulation capacitor Cz cannot discharge 
rapidly enough to follow modulation frequencies 
higher than 10,000 cps (in this case), and clip- 
ping results with all higher audio frequencies. 


38-17. Circuit of a Superheterodyne Receiver 


The complete circuit of a superheterodyne 
receiver is shown in Figure 38-19. In this cir- 
cuit one RF amplifier (preselector) stage is 
used. Tube V2, a pentagrid converter, serves 
both as the mixer tube and oscillator tube. 
Three tuning capacitors (one each in the pre- 
selector, mixer, and oscillator stages) are 
ganged on a common shaft to assure proper 
tracking. Trimmers are connected in parallel 
with each tuning capacitor to permit alignment, 
The oscillator tuning capacitor is smaller than 
the tuning capacitor in the preselector or the 
converter stages. The oscillator operates 
above the station frequency and tracks closely 
at three points onthe dial—(1) low end, (2) mid- 
dle, and (3) high end. The oscillator tuning ca- 
pacitor split-rotor plates allow closer adjust- 
ment for tracking at the low end and at the mid- 
dle of the band. Shunt trimmer capacity adjust- 
ments on the oscillator tuning capacitor pro- 
vide close tracking of the oscillator at the high 
end of the band. 

Tube V3 is the IF amplifier with input and 
output IF transformers tuned to the receiver 
intermediate frequency. 

Tube V4 serves as the second detector and 
first audio amplifier. Conventional automatic 
volume control is tapped off at the end of the 
volume control potentiometer farthest from 
ground. Plate and screen potentials are ob- 
tained from the B supply through the corre- 
sponding voltage dropping resistors. The 
power supply is a conventional full-wave rec- 
tifier. 





Q6. What limits the audio high frequency re- 
sponse of a diode detector? 


Q7. What is the main disadvantage of the plate 
detector? 
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A6. The time constant of the RC filter net- 
work, which develops the audio signal, 
determines the upper audio frequency limit 
of the diode detector. 


A7. The main disadvantage of the plate detec- 
tor lies in its tendency to overload with a 
strong signal input 





The final stage in the receiver contains a 
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power amplifier, it may be single ended oF 
push-pull, Figure 38-19 shows a complete 
power amplifier stage containing V5, associ- 
ated resistors and capacitors, a transformer, 
anda speaker. The stage operates asa class 
A amplifier in this case since it is single ended. 
Amore complete coverage of audio power am- 
plifier stages appears in Chapter 22. If push- 
pull is used, the stage may be operated class 
A, ABor B. In any case, the energy is trans- 
former coupled to the load (speaker in Figure 
38-19) for better impedance matching. 


























Figure 38-19 - Circuit diagram of a superheterodyne receiver 
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EXERCISE 38 


Which stage of the superheterodyne re- 
ceiver establishes the selectivity and 
sensitivity of the receiver? 

What is the function of the second de- 
tector? 

What is the function of the decoupling cir- 
cuits? 

How does a tone control operate? 

What causes motorboating in a receiver? 
Draw the circuit for, and explain the oper- 
ation of the superheterodyne receiver. 
What is the difference between the TRF and 
the superheterodyne receiver? 

What is an image frequency? 

What is the function of avariable mu tube? 


10. 


li. 
I. 


13. 


14. 


15. 


7 


How does it differ from a conventional 
pentode? 

What is the difference between the first 
and second detector? 

Describe the heterodyning principle. 

Why must a demodulator be a nonlinear 
device? 

Describe the operation of the grid leak 
detector. 

What is the difference between the grid 
detector and the plate detector? What 
type of operation is used in the plate de- 
tector? How is the class of operation ob- 
tained? 

What is conversion gain? 
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CHAPTER 39 


RECEIVER CONTROL CIRCUITS 


This chapter will deal with circuits which 
provide control of some receiver functions. 
These circuits can provide control, both manual 
and automatic, of such receiver functions as 
gain, local oscillator frequency, and tone of 
the audio output. The use of control circuits is 
not limited to radio receivers only. Many other 
forms of electronic equipments, such as Radar, 
Sonar, Direction Finders, and Navigational 
Aids, will use control circuitry to maintain 
optimum performance. 


39-1. Manual Gain Control 

Chapter 38 illustrated that high sensitivity 
is one of the parameters of a good receiver. 
In some cases, high sensitivity can be a lia- 
bility. For example, the signal received from 
a nearby station can be strong enough to over- 
load the RF sections of the receiver. This can 
cause the audio output to become distorted to 
the point of complete loss of intelligibility. To 
overcome this problem, gain control of the RF 
section is preferred rather than permanently 
decreasing receiver sensitivity. By using gain 
control, maximum sensitivity is realized, weak 
input signals are provided with maximum am- 
plification yet when a strong input signal is re- 
ceived, the RF gain may be reduced to prevent 
overloading. 

A typical manual gain control circuit is il- 
lustrated in Figure 39-1. RF amplifier Vj is 
a variable Mu pentode. Cj acts as the cathode 





Figure 39-i - Manual gain control. 
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by-pass capacitor. 
bias for V}. 

The characteristics of variable Mu tubes 
were discussed in Chapter 38. It was illus- 
trated that the gain of a remote cut-off pen- 
tode could be varied by changing the bias. Gain 
control R2(Figure 39-1) is nothing more than a 
manual bias control, When the wiper arm of R2 
is in position A, minimum bias is developed 
from cathode to ground, and the gain of V1 is 
maximum. 

When the wiper arm of R2is in position B, 
maximum bias is developed from cathode to 
ground, and the gain of V) is minimum. Fixed 
resistor R| is included to maintain a minimum 
value of bias on V) when the gain control is set 
at maximum and R2 is effectively shorted out, 

The disadvantage of this method is obvious. 
If signal strength keeps varying, the gain con- 
trol must constantly be adjusted. An automatic 
gain control circuit overcomes this disadvan- 
tage. 


Rj and Rz develop cathode 


3 





Automatic Gain Control (AGC) 

Under ideal conditions, once the manual 
volume or gain control has been set, the output 
signal should remain at the same level even if 
the input signals vary in intensity. The develop- 
ment of variable-mu tubes makes it possible to 
devise a practical ave or age circuit, since the 
amplification of the tube may be controlled by 
varying the grid bias voltage. All that is need- 
ed is a source of bias voltage that varies with 
the signal strength. If this voltage is applied 
as bias to the grids of the variable-mu RF am- 
plifier stages, the grids will become more nega- 
tive as the signal becomes stronger. The am- 
plification will thus be reduced, and the output 
of the receiver will tend to remain at a con- 
stant level. Unless the selectivity of the IF 
stages is good, strong adjacent channel signals 
will reduce receiver gain when a weak signal 
is tuned in. When no interference is present, 
avc holds the audio output constant as the input 
signal amplitude varies over a wide range. 

The LOAD RESISTOR of a diode detector is 
an excellent source of this voltage, since the 
rectified signal voltage will increase and de- 
crease with the signal strength. A filter is 
used to remove the AF component of the signal 
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and at the same time to prevent the ave circuit 
from shorting the audio output. Only the slower 
variations due to fading or change of position of 
the receiving antenna, and so forth, will then 
affect the gain of the RF amplifier stages be- 
cause the avc circuit cannot compensate for 
very fast or extreme variations. 

Figure 39-2 shows how the avec voltage is 
obtained. The avc voltage is tapped off at the 
negative end of the diode load resistor, Rz 
(Figure 39-2, A), which is also the manual vol- 
ume control. The AF component is removed 
by the filter circuit that is composed of Cz and 
Ry. One or more of the RF amplifiers may be 
controlled by the voltage thus obtained. A cus- 
tomary value for Rj is 2 megohms and for Cz 
is 0.05 pf. 

Figure 39-2,B, shows an ave circuit used 
with a duodiode triode in a conventional diode 
detector circuit. The two plates of the diode 
are connected together to form a half-wave rec- 
tifier in the RF portion of the circuit. The out- 
put of the diode detector is fed to the grid of 
the triode section which acts as a class A volt- 
age amplifier. 


” DETECTOR, AVC AND THE 
MANUAL VOLUME CONTROL CIRCUITS 


(B) DETECTOR, AVC, FIRST AUDIO AMPLIFIER 
AND MANUAL VOLUME CONTROL CIRCUITS 





Figure 39-2 - Manual and ave circuits. 
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Low voltage bias is obtained by utilizing 
contact potential developed across R3 resulting 
from the dissimilar elements in the grid and 
cathode. 

A disadvantage ofordinary automatic volume 
control (avc) is that even the weakest signals 
produce some ave bias which could result in no 
usable receiver output or a reduction in overall 
receiver sensitivity, This reduction occurs be- 
cause a slight increase in the ave will cause a 
decrease in RF amplifier gain, thereby, atten- 
uating very weak signals. 


39-3. Delayed Automatic Gain Control 


The disadvantage of automatic gain control, 
that of attenuating even the very weak signals, 
is overcome by the use of delayed automatic 
gain control, as shown in Figure 39-3. In this 
circuit the ave diode, plate 2, is separated from 
the detector diode, plate 1, and both are housed 
in the same envelope with a triode amplifier. 

In this example a bias of 5 volts on the de- 
layed avc diode, plate 2, prevents it from con- 
ducting until the signal exceeds 5 volts. The 
signal across the secondary of the IF trans- 
former is coupled to diode, plate 2, by capacitor 
Ci. Until the signal exceeds 5 volts no charge 
is acquired by the ave capacitor, C3; no addi- 
tional bias is applied to the grids of the IF am- 
plifier, preselector, or converter tubes; and 
their gain is maximum on weak signals. The 5 
volt bias applied to the delayed avc diode, plate 
2, is developed across cathode resistor Rq4 by 
the current flowing through the triode section of 
the tube. The triode section serves as a class 
A voltage amplifier driven by the audio voltage 
developed across diode load resistor R2 

When the signal across the secondary of the 
IF transformer exceeds the 5-volt bias value 
across Rq the ave diode (plate 2) conducts on 
alternate half cycles and C3 acquires a charge. 
The voltage developed across C3 constitutes 





Figure 39-3 - Delayed avec circuits. 
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the delayed ave voltage. It is supplied to the 
grids of the various stages ahead of the second 
detector in series withthe cathode bias develop- 
ed by the individual tubes. 


39-4, Beat-Frequency Oscillator 

The beat-frequency oscillator (BFO) is nec- 
essary when CW signals are to be received be- 
cause these signals are not modulated with an 
audio component. In superheterodyne receivers 
the incoming CW signal is converted to the in- 
termediate frequency at the first detector as a 
single frequency signal with no side-band com- 
ponents. The IF signal is heterodyned (with a 
separate tunable oscillator known as the beat 
frequency oscillator) at the second detector to 
produce an AF output. In the circuit shown in 
Figure 39-4, the Hartley oscillator (BFO) is 
coupled to the plate of the second detector by 
capacitor C3. 

If the intermediate frequency is 455 ke and 
the BFO is tuned to 456 kc or 454 kc, the dif- 
ference frequency of 1 kc is heard in the out- 
put. Generally the switch and capacitor tuning 
control are located on the front panel of the re- 
ceiver. 

The BFO should be shielded to prevent its 
own output from being radiated and combined 
with desired signals ahead of the second detec- 
tor. If ave voltage is to be used it should be 
obtained from a separate diode isolated from 
the second detector. One way is to couple the 
output of an IF amplifier stage ahead of the 
second detector to the avc diode. Otherwise, 
the output of the BFO would be rectified by the 
second detector and would develop an avc volt- 
age even on no signal. 


39-5. Silencer 

A silencer is sometimes employed in the AF 
section of a receiver to disable the receiver 
when no signals are being received. One type 
of silencer circuit is shown in Figure 39-5. 

The silencer, Vj, a diode-connected triode, 
connects the output of the first AF stage to the 
input of the second audio amplifier. Silencer 
amplifier V2 serves as the control tube for the 
silencer. The plate voltage of V, is supplied 
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Figure 39-4 - Beat-frequency oscillator. 
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Figure 39-5 - Silencer circuit. 


via R2 from the plate of V2 (which is in turn 
supplied from the B+ supply via R11) and is 
positive with respect to ground. The cathode 
voltage of V, is also positive with respect to 
ground, since it is connected to the B+ supply 
through a voltage divider made up of Ry2 and 
R4 With no input signal, Rg is adjusted until 
V2 draws enough plate current to reduce its 
plate voltage and that of V1 to a value below the 
voltage on the cathode of V1 Thus the silencer 
plate voltage is negative with respect to the 
cathode. Conduction ceases, and the silencer 
cuts off, The output is reduced to zero, and the 
receiver is mute. 

The grid of Vz is connected to the avc line. 
When a signal enters the receiver, the negative 
avc voltage is applied to the grid of Vz, thereby 
reducing the plate current and increasing the 
plate voltage of both V2 and V). When the plate 
of V] becomes positive with respect to its cath- 
ode, the tube conducts and the signal is passed 
to the second AF amplifier. 


Ql. What produces the delay action in a delay- 
ed automatic volume control circuit? 


Q2. Why is ave voltage used to control the 
silencer circuit in a receiver? 


39-6. Audio Tone Control 

The tone ofthe sound reproduced in the audio 
section of the receiver is dependent on several 
factors. The frequency response of the audio 
amplifier will determine the degree of ampli- 
fication provided to different frequencies in the 
sound spectrum. The size and quality of the 
loudspeaker will determine its response to var- 
ious frequencies. The response of the human 
ear, which is the final judge of tonal quality, 
varies with the individual. 
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Al. Delaying action, in an ave circuit, is pro- 
duced by biasing the avc diode so that low 
amplitude signals will not produce ave 
voltage. 


A2. The silencer circuit is controlled by the 
ave voltage, because avc voltage is pro- 
duced only when an input signal is pres- 
ent, The silencer will then keep the audio 
section disabled until a signal is received. 


Due to these variables, some form of tone 
control is usually employed in the audio am- 
plifier. Treble tones are defined as the audio 
frequencies above approximately 3,000 cps. 
Bass tones are defined as the audio frequencies 
below approximately 300 cps. Although several 
methods of tone control can be used, only the 
attenuation method willbe presented here. With 
this method, a decrease in the intensity of one 
tone can produce an apparent increase in the 
intensity of another tone. For example, two 
tones of 400 and 4,000 cycles are produced by 
a speaker with the same intensity, The inten- 
sity of the 4,000 cycle tone is reduced. The 
400 cycle tone will now appear to be louder, 
although its intensity has not actually changed. 
Bass emphasis can then be accomplished by the 
attenuation of treble tones. 

The simplest type of tone control is illus- 
trated in Figure 39-6. Fixed capacitor C] by- 
passes the primary winding of the output trans- 
former, effectively shunting the higher frequen- 
cies to ground. The size of C} will determine 
the lowest frequency to be affected. Values of 
from 0.001 to 0,05MFD are usually used. C} 
improves bass response by de-emphasizing the 
treble tones. This circuit is often used to im- 
prove the output of a small speaker with poor 
treble response. 

A continuously variable tone control is il- 
lustrated in Figure 39-7. Tone control Rj and 
by-pass capacitor Cj act as a variable RC fil- 
ter, With the wiper arm of R} in the bass posi- 
tion, C1 by-passes the higher frequencies to 
ground, providing better bass response. When 
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Figure 39-7 - Variable tone control using 
an RC filter. 


the wiper arm of Rj is in the treble position, 
the resistance of R1 is placed in series with 
Ci, reducing the shunting effect of C1 to high 
frequencies, and improving the treble response. 
This method has the advantage of providing 
smooth, continuous, tone control at all points 
between maximum bass and maximum treble 
response. 

A switch type, variable tone control is il- 
lustrated in Figure 39-3. With this method, a 
three position switch is used to provide three 
fixed degrees of tone control. When tone con- 
trol $1 is in the bass position, capacitor Cy by- 
passes the high frequencies and provides bass 
emphasis. With S] in the normal position, C2 
is acting asthe by-pass, and a moderate amount 
of high frequency attenuation is accomplished. 
This position provides a relatively balanced 
bass and treble response. When S, is in the 
treble position, C3 acts as the by-pass, pro- 
viding minimum high frequency attenuation, and 
maximum treble emphasis. Note the relation- 
ship between the value of capacity used in each 
position and its effect on output tone. 


39-7. Crystal Filter 


A quartz crystal, used asa selective filter 
in the IF section of a communications receiver, 
is one ofthe most effective methods of achieving 
maximum selectivity. It is especially useful 
when the channel is crowded and considerable 
noise (both external and internal) is present. 
The crystal acts asa high Q tuned circuit, 
which is many times more selective than tuned 





Figure 39-6 - Fixed capacitor tone control. 


Figure 39-8 - Switch tone control. 
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Figure 39-9 - Crystal filter used in the IF section of a superheterodyne receiver. 


circuits consisting of inductors and capacitors. 
The crystal dimensions are so chosen that the 
crystal will be in resonance at the desired in- 
termediate frequency. 

One of the simplest of a number of possible 
circuit arrangements is shown in Figure 39-9. 
The crystal is in one arm of a bridge circuit. 
The secondary of the input transformer is bal- 
anced to ground through the center-tap connec- 
tion, The phasing capacitor, C4, is in another 
arm of the bridge circuit. The crystal acts as 
a high Q series resonant circuit and allows 
signals within the immediate vicinity of reso- 
nance to pass through the crystal to the output 
coil, L3. The desired signal appears between 
the center tap of L3 and ground. 

The capacity between the crystal holder 
plates may bypass unwanted signals around the 
crystal. Therefore, some method must be 
provided to balance out this capacitance. 

In this circuit, balancing is accomplished by 
taking a voltage 180° out of phase with the in- 
stantaneous voltage across the crystal and ap- 
plying it via Cq in sucha way as to neutralize 
the undesired signal voltage. The balanced in- 
put circuit in this case is obtained by the use of 
a center-tapped inductor. The tap on L3per- 
mits the proper impedance match. 











39-8. Automatic Frequency Control 
‘Automatic Frequency Control (AFC) is used 


to maintain a constant frequency separation be- 
tween the received signal and the local oscil- 
lator signal, regardless of drift in either the 
local oscillator frequency or the received car- 
rier frequency. 

The block diagram of an AFC system is il- 
lustrated in Figure 39-10. A change in the fre- 
quency of the LO will produce a resultant shift 
in the IF which will be detected by the discrim- 
inator, The discriminator will produce a dc 





Figure 39-10 - AFC system - block diagram. 


voltage which corresponds to the shift in fre- 
quency. The polarity of this dc voltage will be 
determined by the direction of the frequency 
shift, while the amplitude of the dc voltage will 
be determined by the magnitude of the frequen- 
cy shift. This dc voltage is applied to the con- 
trol grid of a reactance tube, which in turn, 
controls the frequency of the oscillator tank 
circuit. The reactance tube acts as a variable 
capacitor in parallel with the oscillator tank, 
which will correct frequency drift by changing 
tank capacity. 

The theory of operation of a reactance-tube 
circuit may be explained with the aid of Figure 
39-11. The reactance tube, Vj (Figure 39-11, 
A), is effectively in shunt with the oscillator 
tank, LC, and the phase shift circuit, RgC1. 
The capacitive reactance of the capacitor is 
large compared with the resistance of the re- 
sistor; and the current, i, in this circuit leads 
the voltage, ep, across the circuit by approxi- 
mately 90 degrees. The voltage, ep, is the 
alternating component of the plate to ground 
voltage appearing simultaneously across the re- 
actance tube, the phase-shift circuit, and the 
oscillator tank. 

The coupling capacitor, C2, has relatively 
low capacitive reactance to the ac component of 


178 


INPUT FROM DISCRIMNATOR 
(A) cIRGUIT 


(8) VECTOR DIAGRAM 


Figure 39-11 - Reactance tube AFC. 


current through it, and at the same time it 
blocks the de plate voltage from the phase shift 
circuit and the tank, The reactance tube re- 
ceives its ac grid input voltage, eg, across Rg. 
This voltage is the IR drop across Rg and is in 
phase with plate current ip. This relation is 
characteristic of amplifier tubes. 

Because eg is in phase with both i and ip and 
eg leads ep by approximately 90°, both i and ip 
lead ep by approximately 90 degrees. These 
relations are shown in the vector diagram in 
Figure 39-11,B. Both i and ip are supplied by 
the oscillator tank circuit, and because both 
are leading currents with respect to the tank 
voltage, ep, they act like the current in tank 
capacitor C, Therefore, the EFFECT of these 
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currents on the frequency of the tank is the 
same as though additional capacitance were 
connected in parallel with it. 

Consider the effect of applying a dc voltage 
to point A in Figure 39-11. When the local os- 
cillator is operating at the correct frequency, 
the de output of the discriminator is zero, and 
consequently no dc voltage is applied to the grid 
(point A) of Vj. The plate current of V] isa 
succession of constant amplitude pulses, and 
the circuit is operating at the no-signal condi- 
tion. 

If the local oscillator frequency was to in- 
crease, a positive dc voltage would be pro- 
duced by the discriminator. The amplitude of 
the dc voltage would be determined by the 
amount of frequency deviation. This positive 
dc voltage is applied to the grid of V}, causing 
an increase in the amplitude of Vj plate cur- 
rent. Since the reactance tube circuit appears 
as a capacitor in shunt with the LO tank, an 
increase in V} plate current causes this appar- 
ent capacity to seem larger. This increase in 
tank capacity would decrease the LO frequency 
until the input voltage to V1, or discriminator 
output, was again equal to zero. 

If a decrease in LO frequency occurred, a 
negative voltage would be produced by the dis- 
criminator. The amplitude of the dc would 
once again be determined by the degree of fre- 
quency deviation. This negative de voltage, 
which is applied to the grid of Vj, would cause 
a decrease in the plate current of V}. This de- 
crease in plate current would decrease the ap- 
parent capacity in shunt with the LO tank, in- 
creasing the LO frequency. 


Q3. What is the advantage of using a crystal 
filter in the IF section of a receiver rather than 
in the RF section? 


Q4. What effect will the AFC circuit have on 
the LO when the F-M receiver is tuned from 
one station to another? 
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EXERCISE 39 


Describe the operation of the manual gain 
control. 

What is the disadvantage of the manual gain 
control? 

Describe the operation of the automatic 
gain control. 

What is the disadvantage in the use of the 
ordinary gain control? 

Describe the operation of a delayed ave 
circuit. 


6. 


10. 
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What is a silencer circuit? What is its 
function? 

What could be added to an ordinary audio 
amplifier to provide tone control? 
Describe the operation of the reactance 
tube AFC circuit. 

The crystal filter used in the IF section is 
cut to what frequency. Why is it used? 
What is a beat frequency oscillator? For 
what function may it be used? 
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A3. 


Aa. 


A crystal used in the IF section of a re- 
ceiver will provide filtering for all sta- 
tions in the receiver tuning band. When 
used in the RF section, a separate crystal 
must be provided for each station frequen- 
cy. 


The AFC circuit will have no effect be- 
cause the IF remains constant over the 


entire tuning range. 
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CHAPTER 40 
FREQUENCY DEMODULATION 


The intelligence to be transmitted may be super- 
imposed on the carrier in the form of changes 
in the frequency of the carrier. This type of 
modulation is called FREQUENCY MODULA- 
TION and has certain inherent advantages over 
conventional AM transmission, particularly 
when static freetransmissionis desired, How- 
ever, in extensive tests conducted at the Naval 
Research Lab (NRL), it was found that for 
general Navy use amplitude modulation was in 
many ways more desirable than narrow band 
frequency modulation. Nevertheless, the Naval 
Communication System uses a limited number of 
FM transmitters and receivers, Aircraft alti- 
meters use frequency modulation, as do some 
other radar and sonar equipments. 

Intelligence may be conveyed by varying the 
frequency of a continuous radio wave of constant 
amplitude. The carrier frequency can be varied 
a small amount on either side of its average, or 
assigned, value by means of the AF modulating 
signal, The amount the carrier is varied de- 
pends on the amplitude of the modulating signal, 
and the frequency with which the carrier is varied 
depends on the frequency of the modulating 
signal, The amplitude of the RF carrier re- 
mains constant with or without modulation. 

There are several systems of frequency 
modulation that fulfill these requirements. A 
MECHANICAL MODULATOR employing a ca- 
pacitor microphone is the simplest system of 
frequency modulation. Two other systems of 
frequency modulation are REACTANCE-TUBE 
and ANGLE, or PHASE-ANGLE, MODULATION, 
The main difference between these two systems 
is that in reactance-tube modulation the RF 
wave is modulated at its source (the oscillator), 
while in phase modulation the RF wave is modu- 
lated in some stage following the oscillator. 
The results of each of these systems are the 
same, that is, the FM wave created by either 
system can be received by the same receiver. 





40-1. Capacitor-Microphone System 

The simplest form of frequency modulation 
is that of a capacitor microphone, which shunts 
the oscillator tank circuit, LC, as shown in 
Figure 40-1. The capacitor microphone is 
equivalent to an air dielectric capacitor, one 
plate of which forms the diaphragm of the 
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microphone, Sound waves striking the dia- 
phragm compress and release it, thus causing 
the capacitance to vary in accordance with the 
spacing between the plates, This type of trans- 
mitter is not practicable (among other reasons, 
the frequency change is very limited), but it 
is useful in explaining the principles of fre- 
quency modulation, The oscillator frequency 
depends on the inductance and capacitance of the 
tank circuit, LC, and therefore varies in ac- 
cordance with the changing capacitance of the 
capacitor microphone. 

If the sound waves vibrate the microphone 
diaphragm at a low frequency, the oscillator 
frequency is changed only a few times per 
second. If the sound frequency is higher, the 
oscillator frequency is changed more times per 
second, When the sound waves have low ampli- 
tude, the extent of the oscillator frequency 
change from theno signal, or resting, frequency 
is small. A loud AF signal changes the capaci- 
tance a greater amount and therefore deviates 
the oscillator frequency to a greater degree. 

Thus, the frequency of the AF signal deter- 
mines the number of times per second (RATE 
OF DEVIATION) that the oscillator's tank fre- 
quency changes, The amplitude of the AF signal 


determines the extent of the tank circuit fre- 
quency change (AMOUNT OF DEVIATION). 

A graph representing the changing tank cir- 
cuit frequency at an audio rate is shownin Figure 
40-2, 





Figure 40-1 - FM transmitter modulated by 
a capacitor microphone. 
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Figure 40-2 - Deviation changes in FM, 


f, represents the resting frequency of the tank 
circuit when there is no modulating signal pre- 
sent, and the diaphragm of the capacitor micro- 
phone is motionless (in this case f , = 100 Mc). 
With a sinusoidal sound source of 500 cps in 
(A in Figure 40-2), the amount of deviation on 
either side of the resting frequency is 25 kc 
and the rate of deviation is 500 cps. 

When the amplitude of the 500 cps sound 
source is increased to B (as shown in Figure 
40-2) the microphone diaphragm vibrates farther 
on either side of its resting position but still 
crosses its resting position the same num- 
ber of times per second, In this case the rate 
of deviation remains constant but the amount of 
deviation increases to 75 ke. The oscillator 
frequency now changes from 99.925 Mc to 
100,075 Mc. 

It is also possible to keep the amount of 
deviation constant but vary the rate of deviation, 
In a practical FM transmitter the two independ- 
ent variables, rate and amount of deviation, 
are continually changing. This occurs because 
the amplitude (strength) and frequency of the 
modulating signal is continually changing. 

Figure 40-3 shows the actual tank circuit 
output voltage compared (with respect totime) to 
the modulating signal as might be seen on an 
oscilloscope. 

The horizontal axis represents a linear 
time base. The degree (how high or how low in 
frequency) of compression or rarefaction is 
dependent upon the amplitude of the audio signal. 
The number of compressions or rarefactions 
per second would be determined by the audio 
frequency, Thus it is seen how RF energy can 
carry intelligence in its as frequency changes. 


Ql. In FM, upon what does the deviation fre- 
quency depend? 


Q2, What characteristic of the modulating 
wave determines the number of times per sec- 
ond that the frequency deviates about the resting 
frequency? 

40 Reactance Tube System 

In Chapter 39, it was shown how a dc control 
voltage could change the frequency of an oscil- 
lator by the use of a reactance tube. A more 
practical method of obtaining FM is by use of 
a reactance tube, where the reactance tube is 
controlled by an audio signal instead of a dc 
control signal. 

The reactance tube system of frequency 
modulation is shown in Figure 40-4. The 
reactance tube is an electron tube operated so 
that its reactance varies with the modulation 
signal and thereby varies the frequency of the 
oscillator stage. 

In this circuit the reactance tube is con- 
nected in parallel with the oscillator tank and 
functions like a capacitor whose capacitance is 
varied in accordance with the audio signal, as 
in the capacitor microphone system of fre- 
quency modulation, 

The frequency of the AF signal determines 
the number of times per second that the os- 
cillator tank frequency changes. On the other 
hand, the amplitude of the AF signal determines 
the extent of the oscillator frequency change 
that is, the amount of deviation, The frequency 
of the oscillator is thus changed, and the result- 
ing FM signal is passed through a frequency 
doubler to increase the carrier frequency and the 
deviation frequency. A power amplifier feeds 
the final signal to the antenna, The transmitter 
is kept within its assigned frequency limits by 
comparing the output of the transmitter with 
that of a standard crystal controlled oscillator, 
and feeding back a suitable correcting voltage 
from a frequency converter and discriminator 
(frequency detector) stage. 














Figure 40-3 - FM waveform, 
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Figure 40-4 - Block diagram of a reactance-tube FM transmitter. 


Q3. In the reactance-tube FM transmitter what 
stage is responsible for increasing the frequency 
range of the transmitter? 


40-3. FM Sidebands 

With the application of one audio frequency 
to anAM transmitter, two sidebands are formed. 
Their position in the frequency spectrum was 
above and below the carrier frequency by an 
amount equal to the audio frequency. During 
this process of amplitude modulation, carrier 
power remains constant but the relative ampli- 
tube (power) of the sidebands varies in accord- 
ance with the intelligence being transmitted. 
This additional power is developed in the modu- 
lator. 

In FM, the application of a modulating signal 
causes the carrier frequency to vary about the 
resting frequency determined by the amplitude 
of the modulating signal, In the process of 
varying, sidebands are formed and theoretically 
an FM wave with single tone modulation has an 
infinite number of sideband pairs instead of just 
one pair, as in amplitude modulation, However, 
only a limited number of sidebands contain 
sufficient energy to be significant. 

A significant sideband is defined as a side- 
band that has sufficient power to be of value 
toward the reception of the transmitted signal. 
Usually, if a sideband contains less than 1% of 
the total carrier power, it is considered in- 
significant. 

Figure 40-5 represents the FM wave con- 
sisting of a carrier wave of frequency (fr) and 
associated sideband frequencies of {rtim, 
frg2fm, fri3fm, and so forth, where fm is 
the modulating frequency and fr is the resting 
frequency. The lines to the right of center repre- 
sent the upper sideband frequency components, 
and those tothe left of center represent the lower 


sideband components. The lengths of the lines 


represent the energy levels of the various com~- 
ponents, The sideband frequency components 
are spaced an amount equal to the modulating 
frequency. For example, if a 500 cps signal is 
applied to the microphone of an FM transmitter, 
sidebands will appear above and below the rest 
frequency, each sideband spaced 500 cps apart 
from the sideband next to it, The audio fre- 
quency fixes the separation of the sidebands. 


Q4, What is the relationship between the side- 
bands produced in FM and the audio modulating 
frequency? 





Figure 40-5 - An FM signal with its sidebands 
developed as a result of audio 
modulation. 
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modulating signal and (2) the total frequency 


Al, The distance between the sound source and 
the microphone and the intensity (strength) 
of the sound source, 


A2, The frequency of the modulating signal. 


A3, The frequency doubler stage. 


A4, The sidebands are separated by the audio 
frequency. 





40-4, Sideband Power 

The FM wave consists of a center or resting 
frequency and a number of sideband pairs which, 
for a given audio frequency and amplitude, are 
constant. However, the resultant wave varies 
in frequency but is constant in amplitude, This 
resultant wave is the algebraic sum of the com- 
ponents which form it, and the carrier or rest- 
ing frequency will vary in amplitude with the 
modulation, When the transmitted signal is 
unmodulated, there is a certain constant amount 
of power in the carrier signal, When modu- 
lation is applied, power is taken from the 
carrier and forced into the bands; therefore, 
the carrier amplitude or resting frequency 
component is reduced. 

In the FM wave the carrier frequency or 
resting frequency component changes in amp- 
litude with modulation applied, whereas in the 
AM wave the carrier component remains con- 
stant in amplitude with modulation applied. 
In FM transmission the power in the sidebands 
subtracts from the power inthe carrier, where- 
as in AM transmission the power for the side- 
bands is supplied by the modulator and is not 
subtracted from the carrier, Since the carrier 
contains no intelligence, reducing its amplitude 
will increase efficiency (less power consumed). 


40-5, Modulation Index 

Whenever sidebands are formed, they are 
spaced by an amount equal to the frequency of 
the modulating signal. A modulating signal with 
a frequency of 5 ke results in sidebands spaced 
at 5 ke intervals, whereas, for a frequency of 
10 kc, the sidebands are spaced 10 kc apart. 
As with amplitude modulation, the bandwidth 
for frequency modulation is determined by the 
number of sidebands associated with the carrier. 
If the amplitude of the two modulating signals 
are causing 8 significant sidebands on each 
side of the carrier, the 5 kc note would result 
in a bandwidth of 8x5 or 40 kc, on each side of 
the carrier, or a total of 2x40 or 80 kc. On 
the other hand, with the 10 ke note, the total 
frequency spectrum would extend 160 ke. The 
bandwidth thus depends upon (1) frequency of the 


deviation of the carrier (amplitude of the modu- 
lating signal). The ratio between the frequency 
deviation and the modulation frequency is termed 
the MODULATION INDEX, The modulation index 
number denotes the numberof pairsand relative 
amplitude of sideband components produced dur- 
ing frequency modulation. 


Modulation Index (M) = 


40-1 
deviation of FM carrier (fa) (4071) 


gnal (im) 





frequency of modulating 


A comparison between the modulation index 
to the number of significant sideband pairs and 
their relative magnitude are shown in the fre- 
quency spectrum graph illustrated in Figure 
40-6. The modulation index is an instantaneous 
value because the strength and frequency of the 
modulating signal, in a practical transmitter, 
is continually changing. 
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Figure 40-6 - Frequency and energy distri- 
bution for 5 values of modula- 
tion index of an FM wave. 
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This formula illustrates that, if the frequency of 
the modulating signal is held constant, the band- 
width will depend directly upon the amplitude of 
the modulating signal. On the other hand, if the 
amplitude is held constant, the lower audio fre- 
quencies will produce more sidebands. For 
commerical high fidelity broadcast trans- 
mission, 15 ke is the highest modulation fre- 
quency inuse. The maximum frequency deviation 
of the carrier is limited by the Federal Com- 
munications Commission (FCC) to75 kc oneach 
side of thecarrier frequency. The ratio between 
these two maximum limits is called the DEVI- 
ATION RATIO where: 


deviation ratio = 
(40-2) 
maximum amount of deviation 
maximum frequency of modulating signal 


Although the FCC regulation limits the amount 
of deviation for a commercial FM broadcast 
transmitter to 75 kc, some significant side- 
bands may extend beyond this frequency, A 
guard band of 25 ke on each side of the allow- 
able frequency swing of +75 kc is established 
to take care of most of the significant sidebands 
beyond the established limits, 

The modulation index number by itself does 
not directly tell us anything. The calculation of 
the actual number and relative amplitude of the 
various sidebands requires the use of Bessel 
functions whichare complex, Modified versions 
of Bessel function charts are given in Table | 
which lists the number of significant sidebands 
that would be obtained for some of the common 
values of the modulation index. Thus, with an 
index cf 2, there are 4 significant sidebands 
(on either side of the carrier) formed, with an 
index of 5, the number of sidebands increases 
to 8, In general, the higher the modulation 
index the more significant sidebands. 

When the modulation index becomes 0,4 or 
less only two sidebands are formed which is 
similar to AM when one audio signal is used. 
In all cases, as modulation index increases in 
value, the carrier power decreases. 


QS. What determines the effective bandwidth 
of an FM transmitter, 


Q6. With an amount of deviation equal to 75 ke 
and an audio frequency of 15 kc, what is the 
approximate bandwidth of the transmitted signal? 


Q7. What are guardbands and why are they re- 
quired in FM transmission? 


Number of effective 
Ind. Sidebands 
Above | Below 








40-6, Degree of Modulation 

To explain 100 percent modulation in an 
FM system, it is desirable to first review the 
same condition for an AM wave. As has been 
stated, 100 percent modulation(AM) exists when 
the amplitude of the envelope varies between zero 
and twice its normal unmodulated value. There 
is a corresponding increase in power of 50 per- 
cent. The amount of power increase depends 
upon the degree of modulation; and because the 
degree of modulation varies, the tubes cannot 
be operated at maximum efficiency continuously, 

In frequency modulation, 100 percent mod- 
ulation has a different meaning, The AF signal 
varies only the frequency of the oscillator. 
Therefore, the tubes operate at maximum ef- 
ficiency continuously and the FM signal has a 
constant power input at the transmitting antenna 
regardless of the degree of modulation. A 
modulation of 100 percent simply means that the 
carrier is deviated in frequency by the full 
permissible amount, For example, an 88 Mc 
FM station has 100 percent modulation when 
its audio signal deviates the carrier 75 ke 
above and 75 ke below the 88 Mc value, when 
this value is assumed to be the maximum per- 
missible frequency swing. For 50 percent 
modulation, the frequency would be deviated 
37.5 kc above and below the resting frequency. 


Q&. If the maximum permissible amount of 
deviationis 75 kc and the actualamountof devi- 
ationis 25 ke, what is the percent of modulation? 
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A5. The amount of deviation and the frequency 
of the modulating signal. 


A6é. Approximately 240 kc. 
A7. Frequency space on either side of the 


deviation limits to prevent adjacent channel 
interference, 


A8. 33,3 percent, 








FM Receivers 

The TRF and superheterodyne receivers that 
have been described in the preceding chapters 
are designed to receive RF signals that vary in 
amplitude according to the audio modulation at 
the transmitter. The amplitude of the RF signal 
is increased by one or more RF amplifier 
stages, and the modulation component is repro- 
duced bythedetector. Eachof thetuned circuits 
preceding the detector is designed to pass only 
a relatively narrow band of frequencies con- 
taining the necessary upper and lower sideband 
frequencies associated with the amplitude modu- 
lated carrier, 

FM receivers are supplied RF signals that 
vary in frequency according to the information 
being transmitted. The amount of the variation 
or deviation from the CENTER, or RESTING 
FREQUENCY at a given instant depends on the 
amplitude of the impressed audio signal, The 
frequency with which the variations from the 
center frequency occur depends on the frequency 
of the impressed audio signal, The function of 
the FM receiver is basically the same as that of 
the AM superheterodyne receiver, that is, the 
amplitude of the incoming RF signals is in- 
creased in the RF stages; then the frequency is 
reduced in the mixer stage to the intermediate 
frequency and amplified in the IF amplifier 
section, Finally, the amplitude is clipped in 
the limiter stage and the modulation component 
is reproduced by the detector, or DISCRIM- 
INATOR as it is called in the FM receiver. 





There are a few major differences between 
the FM and the AM receiver. The greatest 
difference is in the method of detection, Also 
the tuned circuits of the FM receiver have a 
wider bandpass and the last IF stage is es- 
pecially adapted for limiting the amplitude of 
the incoming signal, However, in both systems 
the audio amplifiers and reproducers are 
similar. 

A superheterodyne receiver designed for 
FM reception is shown in Figure 40-7. 

The function of the FM antenna is to provide 
maximum signal voltage to the receiver input, 
FM antennas are cut to the required length in 
order to receive a signalof sufficient amplitude 
to drive the first RF amplifier. 

If a single frequency is to be received, the 
antenna may be designed for maximum response 
at that frequency. If, however, a band of fre- 
quencies is to be received, the antenna length 
will represent a compromise, Usually the 
length is so chosen that it will be in resonance 
at the geometric center of the band, The 
GEOMETRIC CENTER or MEAN is equal to 

X1Xz, where X] and Xz are the wavelengths 
at the two ends of the band, 

There are many types of FM antennas, but 
probably the simplest is the half-wave dipole. 
The length of the half-wave dipole, in feet, is 

















468 
~~ (40-3) 


4 & 


where f} and fz are the frequencies in mega- 
cycles at the two ends of the band. Because the 
resistance at the center of the half-wave dipole 
is about 72 ohms, the transmission line con- 
necting the antenna with the receiver should 
have a characteristic impedance of 72 ohms in 
order to operate as a nonresonant transmission 
line with no standing waves. The transmission 
line feeds the signal to the receiver via a match- 
ing transformer at the input to the preselector 
stage. 

The RF amplifier, or preselector, performs 
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Figure 40-7 - Receiver block diagram, 
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essentially the same function in the FM re- 
ceiver as it does in the AM receiver, that is, 
it increases the sensitivity of the receiver. Such 
an increase in sensitivity is often a practical 
necessity in fringe areas. However, the gain 
of the IF stages is much greater, perhaps 10 
times that of the preselector, since the chief 
advantage of the superheterodyne lies in the 
uniformity of response and gain of the IF stages 
within the receiver band, The principle func- 
tions of the RF stage are to discriminate against 
undesired signals (images) and to increase the 
amplitude of weak signals so that the signal-to- 
noise ratio will be improved. 

If the receiver is designed to receive both 
amplitude modulation and frequency modulation, 
a suitable band switching arrangement is nec- 
essary. Many combination receivers are de- 
signed to receive more than one AM band. 
Under such circumstances additional tuned cir- 
cuits are needed. Thus, if two AM bands and 
one FM band are used and one RF stage is 
used ahead of the mixer, three tuned circuits 
are needed for each band to be covered. This 
circuit arrangement includes one for the RF 
stage, one for the mixer stage, and one for the 
oscillator stage for each of the three bands, or 
a total of nine tuned circuits. The FM tuned 
circuits have wider bandpass characteristics 
than do the AM tuned circuits, as shown in 
Figure 40-7, 


Q9. What is the difference between an antenna 
used for a broadcast AM receiver and one used 
for a broadcast FM receiver, 


Qi0, Why does commerical FM have limited 
coverage? 


40-8. Frequency Converter 


The frequency converter employed in the 
FM receiver functions in much the same man- 
ner as the one employed inthe AM superhetero- 
dyne receiver, However, additional problems 
are involved, 

For example, at the FM broadcast frequen- 
cies employed in the commerical FM band the 
stability of the local oscillator becomes a major 
problem. There is a tendency for the local 
oscillator to become synchronized with the 
incoming signaland thus to lose the intermediate 
frequency output entirely, The tendency is 
more pronounced at FM frequencies because 
the station and oscillator are relatively closer 
together. Therefore, for maximum frequency 
stability, separate oscillator tubes are used, 
This results in increased space requirements 
and expense. Especially designed pentagrid 
converters that have reasonably good frequency 
stability, high conversion transconductance, and 


oscillator transconductance are employed in 
some less expensive commerical sets. 

Even in a normal well designed FM receiver 
such factors as the change in internal capacitance 
of the oscillator tube (or oscillator section of 
a tube) and the expansion of coil windings and 
capacitor plates during warmup may cause the 
local oscillator frequency, and consequently the 
intermediate frequency, to drift an appreciable 
amount. A relatively small shift in oscillator 
frequency may shift the IF signal beyond the 
range of the IF stages with a consequent loss 
in output signal. 

Various methods are used to combat oscilla- 
tor drift, For example, the second harmonic of 
the local oscillator frequency is sometimes used 
for mixing. In this instance the local oscillator 
may be operated at a lower fundamental fre- 
quency, where the stability is improved. Another 
method is to use capacitors having a negative 
temperature coefficient. Capacitors normally 
have a positive temperature coefficient (in- 
crease in temperature results in increase in 
capacitance), Capacitors with negative tem- 
perature can also be constructed by special 
design, These are connected in shunt with ca- 
pacitors having a positive temperature co- 
efficient to counteract the change in capacitance 
when the temperature of the oscillator stage 
varies, Proper voltage regulation as well as 
the choice of oscillator tubes having low inter- 
nal capacitances, will also increase the stability 
of the local oscillator. 

Frequency stability of the local oscillator, 
in the standard FM band, makes it advantageous 
to operate the local oscillator at a frequency 
below that of the incoming signal. (See Figure 
40-7, 

However, if the local oscillator is operated 
above the frequency of the incoming signal it 
is not so likely to interfere with television re- 
ceivers in the same vicinity that are operating 
on the lower video channels. Therefore, some 
commerical FM receivers have local oscilla- 
tors operating above the incoming signal, 





Qll. Why is a mixer used in preference toa 
converter stage in an FM receiver? 


Qi2. What methods are used to compensate 
for local oscillator drift? 


40-9. IF Amplifier 

The IF amplifier inan FM receiver is usually 
tuned to a center frequency of from B to 10 
megacycles, It generally employs double tuned 
transformers having equal primary and second- 
ary inductances. The bandpass is from 150 to 
200 kc. The last one or two IF stages function 
as a limiter. 
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AQ, Due to the high frequencies involved the 
FM antenna is usually cut to a certain 
length, 


Al0, Because the VHF band (88-108 Mc) is 
subject to line of sight communication. 


All. Less change for synchronization between 
the oscillator section and the incoming 
signal to occur, 


Al2, Automatic frequency control circuits, 
proper voltage regulation, oscillator tubes 
having low internal capacitance, 


The gain of each wide band IF stage is con- 
siderably less than that of the narrow band AM 
type of IF amplifier, Therefore, an FM re- 
ceiver employs more IF stages than a corres- 
ponding AM receiver, 

A low value of intermediate frequency is 
undesirable because local oscillator drift might 
force the set to operate outside the IF range. 
Also, it would be pointless to have the inter- 
mediate frequency lower than the total fre- 
quency deviation (bandwidth) of any one FM 
station. 

In the choice of the optimum IF value such 
factors as image response, response to signals 
at the same frequency as the intermediate fre- 
quency, response to beat signals produced by 
two stations separated in frequency by the IF 
value, and response to harmonic frequencies 
must be considered, 

Two stations separated in frequency by the 
IF value will, if sufficiently powerful, produce 
a beat frequency that will pass through the re- 
ceiver, This type of interference may be 
eliminated if the intermediate frequency chosen 
is greater than the entire FM bandwidth, It 
may be minimized by adequate discrimination 
in the preselector stage, 

Harmonics of the local oscillator may com- 
bine with harmonics produced when a strong 
incoming signal overloads the input stage to 
produce the intermediate frequency. 

Interfering signals may develop asa result 
of the interaction of these harmonic frequencies. 
For example, consider an FM receiver having 
an intermediate frequency of 9.1 Mc, and tuned 
to an 86 Mc station, The oscillator frequency 
is 86+9,1, or 95.1 Mc. It is possible that a 
strong 90.5 Mc signal picked up at the FM re- 
ceiver input would develop at that point its 
second harmonic of 181.0 Mc. The oscillator 
second harmonic frequency is 95.1 x 2, or 
190,2 Mc, The difference frequency is 190.2 
181.0, or 9.2 Mc. This difference 








minus 





frequency would appear in the output of the mixer 
stage and be accepted by the IF amplifiers 
tunned to 9.1Mc. Thus the receiver output 
would contain the 86 Mc station and simulta- 
neously the 90.5 Mc interfering signal. 

Harmonics produced at the input may be 
reduced by increasing the selectivity of the 
tuned circuits and using variable mu tubes that 
do not overload easily, The production of har- 
monics by the local oscillator may be reduced 
by maintaining a satisfactorily high circuit Q 
and by reducing its loading. 

Incommercial FM 1F amplifiers the bandpass 
is considerably greater than it is in AM IF 
amplifiers because of the greater frequency 
swing used in frequency modulation, An ideal 
frequency response curve is difficult to obtain 
economically, Therefore, a practical compro- 
mise that gives the necessary uniform gain and 
discrimination against adjacent channel fre- 
quencies is chosen, 

The IF stage may be designed for FM only 
or for both AM and FM, An IF transformer 
designed for both AMand FM is shown in Figure 
40-8. 

In order to have the desired high L/C ratio 
for increased gain and increased bandwidth, 
permeability tuning is employed. Circuits 
C,L; and LzCz are tuned to the higher FM 
intermediate frequency, about 10 mc, and have 
greater bandpass, about 200 kc. Circuits C3L3 
and L4Cq are tuned to the lower AM intermediate 
frequency, perhaps 455 kc, and the bandpass 
is lower, about 20 ke. 

When the receiver is adjusted for FM re- 
ception, only the FM section of the IF trans- 
former is effective in coupling signal voltage 
to the next tube, Capacitor C3, having a low 
reactance to the higher FM signals, shunte 
the AM section of the transformer. Likewise, 
when the receiver is adjusted for AM reception, 
only the AM section of the IF transformer is 
effective in coupling signal voltage to the next 
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Figure 40-8 - IF transformers for AMand FM, 
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tube. In this case Ly becomes an effective 
short circuit for the lower frequency AM 
signals. Usually the last IF stage is modified 
to operate as a limiter. 


Ql13. What factors determine the selection of 
the proper intermediate frequency? 


40-10. Limiter 

The limiter in an FM receiver removes 
amplitude variations and passes on to the dis- 
criminator an FM signal of constant amplitude. 

As the FM signal leaves the transmitting 
antenna it is varying in frequency according to 
an audio modulating signal, but it has essentially 
a constant amplitude. As the signal travels 
between the transmitting and receiving antenna, 
however, naturaland manmade noises, or static 
disturbances, are combined with it to produce 
variations in the amplitude of the modulated 
signal, Other variations are caused by fading 
of the signal, Fading might be caused, for 
example, by movement of the ship carrying the 
transmitter or the receiver. Still other ampli- 
tude variations are introduced within the re- 
ceiver itself because of a lack of uniform 
response of the tuned circuits. 

All of these undesirable variations in the 
amplitude of the FM signal are amplified as the 
signal passes through the successive stages of 
the receiver up tothe input of the limiter. This 
condition in which both frequency modulation 
(desired) and amplitude modulation (undesired) 
are presentat the same time as shown in Figure 
40-9A, 

The character of the signal after leaving 
the limiter should be as indicated in Figure 
40-9B, in which all amplitude variations have 
been removed, leaving a signal that varies only 
in frequency. 

A grid leak bias limiter is shown in Figure 
40-10. The tube is a sharp cutoff pentode oper- 
ated with grid leak bias. Because the plate and 
screen voltages are purposely made low, plate 
current saturation as well as plate current cut- 


wate Caerting 


Figure 40-9 - FM signals. 








Figure 40-10 - Grid leak bias limiter, 


off, is produced readily by input signals having 
a magnitude of only a few volts. 

The manner in which the limiter functions 
is illustrated by the ec-ib curve shown in 
Figure 40-11. 

Grid leak bias is used so that with varying 
signal amplitudes, the bias can adjust itself 
automatically to a value that allows just the 
positive peaks of the signal to drive the grid 
positive and cause grid current to flow. 

Suppose that a signal having a peak ampli- 
tude greater than the cutoff bias is impressed 
on the grid of the tube. A bias voltage having 
a magnitude approximately equal to the peak 
value of the signal will be developed, Accord- 
ingly, grid current will flow for a very small 
part of the positive half cycle at the peak of 
signal swing, as shown by the shaded area, 
Plate current flows for almost the entire pos 
tive half cycle, When the signal amplitude in- 
creases, a greater bias is developed, but the 
grid cutoff voltage remains the same and the 














Figure 40-11 - Limiter ec-i, curve, 
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Al3. Receiver gain, image response, selec- 
tivity, stability of local oscillator. 








average plate current changes very little, Thus, 
the amount of output voltage in the limiter 
stage is approximately constant for all signals 
having an amplitude great enough to develop a 
grid leak bias voltage that is greater than the 
cutoff voltage. The frequency variations in the 
FM signal are maintained in the output because 
the plate current pulses are produced at the 
signal frequency and excite the plate tuned tank 
circuit which has a relatively low Q and a wide 
bandpass. Thus, because of the flywheel’ 
effect, a complete ac waveform is passed to 
the secondary of the discriminator transformer 
for each cycle of input signal. 

When the peak amplitude of the grid signal 
is less thanthe cutoff voltage, the limiting action 
fails because the stage is practically a class A 
amplifier for such signals, and the average plate 
current varies as the grid leak bias changes 
with varying signal amplitudes. For this rea- 
son, the stages preceding the limiter must have 
sufficient gain to provide satisfactory limiting 
action on the weakest signal to be received. 


Ql4, Why are limiter stages operated with very 
low value of plate voltage? 


Qi5 Why is a sharp cutoff tube usually em- 
ployed in a limiter stage instead of variable 
mu tube? 





1, Demodulation of FM Waves 

Another major dillerence between the AM 
receiver and the FM receiver is in the method 
used to detect the signal, The DETECTOR in 
an AM receiver interprets the AMPLITUDE 
VARIATIONS of the amplitude modulated RF 
energy in terms of the audio signal, Inthe FM 
receiver, the discriminator interprets the FRE- 
QUENCY VARIATIONS of the frequency modu- 
lated RF energy in terms of the audio signal, 

In FM transmission the intelligence to be 
transmitted causes a variation in the instantan- 
cous frequency of the carrier either above or 
below the center, or resting, frequency. The 
detecting device must therefore be so construct- 
ed that its output will vary linearly according to 
the instantaneous frequency of the incoming 
signal, Also, the detecting device must be 
insensitive to amplitude variation produced by 
interference or by receiver nonlinearities; thus 
a special limiting device, called a LIMITER, 
must precede the FM detector. 

Several types of FM detectors have been 
developed and are in use, but perhaps two of 





the most common types are the Foster Seeley 
discriminator and the ratio detector. 

The discriminator requires a limiter, which 
in turn requires considerable amplification 
ahead of its input. 

An FM detector that would be insensitive to 
amplitude variations would eliminate the need 
for a limiter, and in addition one or more IF 
amplifier stages might be eliminated. Such 
an improved discriminator circuit that meets 
these requirements toa larger degree than the 
discriminator, is the RATIO DETECTOR. 
There are also various types of LOCKED 
OSCILLATOR FM detectors. The simplest 
type of detectoris the SLOPE detector. Although 
it is rarely used, this type of FM detector will 
be considered first, because of its simplicity. 


40-12, Slope Detector 


Even an AM receiver may give a distorted 
reproduction of an FM signal under certain 
conditions of operation, When the carrier 
frequency of the FM signal falls on the sloping 
side of the RF response curve in an AM re- 
ceiver, the frequency variations of the carrier 
signal are converted into equivalent amplitude 
variations, This conversion results from the 
unequal response above and below the carrier 
center frequency (point B), as shown in Figure 
40-12. 

Thus, when the incoming FM signal is less 
than the center frequency, for example, at 
point A, which is the minimum value, the 
output voltage is at a minimum in the negative 
direction, When the incoming signal swings 
to point C (the maximum value), the output 
voltage is maximum in the positive direction. 
The resultant AM signal may be coupled to 
the regular AM detector where the original 
audio voltage is recovered. 

The obvious disadvantage of this type of 
detection is the nonlinearity of the response 
curve. At best, the most linear portion of 
the curve has a limited frequency range. Con- 
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Figure 40-12 - Slope detection. 
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sequently the undistorted output voltage is low. 

In Figure 40-12, if the center frequency falls 
at point D and the maximum frequency swings 
are between points C and E, there is no ef- 
fective output signal voltage because the curve 
is relatively flat. 


Ql6, Why does distortion result when using 
slope detection? 


40-13, Foster Seeley Discriminator Circuit 
The detection of a change of frequency by the 


discriminator is accomplished by a transformer, 
which, due to special connections, distorts the 
frequency change into a voltage or varying am- 
plitude change. After distortion, the voltage of 
varying amplitude is detected in the manner 
employed by any amplitude modulation de- 
tector. Figure 40-13 shows the circuit of a 
typical discriminator circuit. 

The two coils Ly and L2 are theprimary and 
the secondary, respectively, of the IF trans- 
formers, The secondary coils is tuned to the 
correct transmitter frequency by capacitor C, 
Tube Vj and V2 are diode detector tubes. The 
filters R1C, and R2C2 serve the same purpose 
as the filters in the diode detector, that is, the 
removal of the RF component from the circuit. 

The presence of L3 and its connection to the 
primary at the top and to the secondary at the 
center presents an unusual feature in the dis- 
criminator circuit. L3 is an RF choke which 
has a high reactance to the RF frequency. 
Since it is connected across the primary, the 
primary voltage appears across it at alltimes. 
The connection to each diode from this choke 
causes the primary voltage (E,) to appear at the 
plates of the diode with the same phase shift in 
each case, This voltage causes currents to flow 
in the opposite directions inthe resistors R} and 
R2, resulting in zero output. 

The phase relationship of the voltage across 
the RF choke to the voltage induced in the sec- 
ondary is the key to the operation of the dis- 
criminator circuit, For this reason you will 





Figure 40-13 - Discriminator circuit, 
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find it is desirable to analyze its operation in 
detail. To help make the analysis, Figure 


40-14A shows the discriminator transformer, 
Figure 40-14B shows the vector relationships 
of current and voltage in the transformer, and 
Figure 40-14C shows the current and voltage 
waveshapes. 

At the desired frequency the transformer 
vector relationships areas follows: the primary 
voltage Ep is the reference vector. Since the 
mutual inductance (coupling) is small, the pri- 
mary is inductive, The primary current Ip lags 
Ep by 90°. The magnetic field which affects the 
secondary (called the flux and shown by the 
symbol §) is in phase with the primary current. 
Due to normal transformer action, the voltage 
induced in the secondary is 90° behind the flux, 
This induced voltage, labeled Ej, is simulated 
by a generator in the equivalent circuit of the 
secondary, illustrated in Figure 40-15A, The 
generator is inserted at the center of the trans- 
former secondary where the voltage across the 
secondary is divided between the two tubes. A 
current Ig flows around the loop composed of 
the secondary windings and the capacitor C, 
This loop is a series resonant circuit insofar 
as the generator sees it. Since the circuit is 
at resonance, the current I is in phase with the 
induced voltage. 

Fach half of the secondary has considerable 
inductive reactance at the RF frequency, There- 
fore, there is a voltage drop across this react- 
ance due to the current Ig, These voltages are 





Figure 40-14 - Transformer vector relation- 
ships and waveshapes. 
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Al4, So that large values of positive grid volt- 
age quickly drive the tube to saturation, 
and large negative values drive it to cutoff, 


A15, So cutoff limiting can be achieved with low 
input signal strengths. 


Al6, Because of the non-linearity of the re- 
sponse curve. 
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Figure 40-15 - Secondary voltages at resonance. 


shown in Figure 40-15B as Ej and £2. Since 
voltage leads current by 90° in an inductor, 
EF] and Ez are 90° out of phase with Is. The 
voltage Ez actually leads Is as it should, but 
the voltage E, is 180° out of phase; that is, its 
polarity is reversed, due tothe manner in which 
it is connected to the tube. Current flows in the 
same direction through both coils, but the vec- 
tor voltages are both measured with respect to 
the center. This causes opposite polarities to 
exist. 

Referring to Figure 40-16A, the equivalent 
circuit of the discriminator in which the voltages 
are replaced by generators, note that the plate 
voltage on Vj} is the sum of the voltages Ep and 
E), and the plate voltage on V2 is the sum of 
Ep andE2. The vectordiagram, Figure 40-16B, 
shows Ep and E] added vectorially to produce a 
vector sum Fy. Ey, is theactual plate voltage 
on V1, The two sine wave voltages Ep and Ej are 
also shown, They add to produce a third sine 
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Figure 40-16 - Resultant plate voltages at 
resonance. 


wave called Ey}. When plate current flows, Cy 
charges to near the peak voltage of Eyy, pro- 
ducing a constant de voltage almost equal to 
Ey, across resistor Rj. In the same manner, 
Ep and E2 add as Ep and E} did previously re- 
sulting in Ey2, the plate voltage on the other 
diode. Consequently, Cz charges to Eyz and 
a constant voltage almost equal to Ey2 appears 
across Rz as shown in Figure 40-16C, The vec- 
tor and sine waves are shown, 

Observe that the voltage across the filters 
R,C, and R2C2 are de voltages. Obviously, 
phase relationships cannot exist there, In this 
case only amplitude relationships are important, 
Since Ep is common to both and Ej equals E2, 
the vector sums of Ey, and Ey are equal. The 
sine-wave illustrations show that the resultant 
of their sine-waves, although of different phase, 
have equal amplitudes. The dc voltages across 
each filter are alike, but have opposite polari- 
ties. Therefore, the sum of these voltages will 
be zero between X and Y, This fact indicates 
that the output at resonance is zero. 
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40-14, Output at Frequencies Below Resonance 
When the frequency of an FM carrier wave 


is lower than the center or resonant frequency 
the output isno longer zero, Using the primary 
voltage as a reference, the voltage induced in 
the secondary is still 180° out of phase, as 
shown by the vectordiagrams in Figure 40-17A. 
Since inductive reactance decreases as fre- 
quency decreases, while capacitive reactance 
increases, the secondary circuit of the trans- 
former will be capacitive at frequencies below 
resonance, The current in a capacitive circuit 
leads the applied voltage. Here, the applied 
voltage is Ej, and Ig will lead. An arbitrary 
amount of lead is used in the vector diagram, 
Figure 40-17A, The voltage drop E, and Ez 
will still be 90° out of phase with the current 
since this is not a function of frequency. Since 
under these conditions voltage E) is more than 
90° away from Ep when added vectorially, their 
sum will be less than at resonance even through 
the magnitude of the components Ep and E) 
has not changed. At the same time, E2 is less 
than 90° away from Ep, or they are morenear- 
ly in phase, 80 the magnitude of the resultant 
Ey, is greater than at resonance. Again, since 
the resistor voltages depend upon the length of 
the resultant vectors, there will bea higher volt- 
age across Rz2 and a lower voltage across Rl. 
Therefore, the output voltage will be equal to 
the R2 voltage minus the Rj voltage and the out- 
put point X will be negative with respect to Y 
which may be grounded. (Figure 40-16A) 





The waveshape shows the same thing. Ig is 
shifted in phase; voltage E) is further out-of- 
phase with Ep, and E2 is more nearly in phase 





Figure 40-17 - Voltages at frequencies below 
resonance. 


with Ep. The sum of the more out-of-phase 
components is small; but the resultant wave- 
shape of the two nearly in-phase components 
is large. 

Studying the vector diagrams, you can see 
that the greater the deviation from resonance, 
the greater the dc output voltage. 


40-15. Output at Frequencies Above Resonance 


When the input frequency is greater than the 
center frequency, the circuit L2C is inductive, 
and the current Is lags the induced voltage. 
Figure 40-18 shows the vector relationship of 
voltages at frequencies above resonance. Note 
that at frequencies above resonance, Ej is more 
nearly in-phase, and Ez is more out-of-phase 
than at the center frequency, Further notice 
that Ey, has a greater magnitude than Ey. 
Therefore, the de voltage across Rj is greater 
than the Rz2 voltage, and consequently the out- 
put voltage is positive. 

In summary, the application of a frequency 
modulated signal to the Foster Seeley discrimi- 
nator results in the reproduction of the original 
modulating signal applied to the transmitter, 
When the frequency deviates below the resting 
frequency, the output voltage is negative at point 
X with respect to point Y, At the resting fre- 
quency, the output is zero and whenthe frequency 
deviates above the resting{frequency, the output 
is positive. In the transmitter, the amount of 
frequency deviation was dependent upon the am- 
plitude of the modulating signal. The amplitude 
of the audio signal developed inthe output of the 
Foster Seeley discriminator is dependent on 
how far the frequency deviated from the center 
or resting frequency. 10% modulation would 
result ina small audio signal, whereas, 100% 
modulation would result in a large signal de- 
veloped in the output circuit, 


Qi7, What would be the output of the discrimi- 
nator (Figure 40-13) if the IF signal were to 
shift above its normal center value and stay 
there? 





Figure 40-18 - Voltages at frequencies above 
resonance. 
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A17, The output from points X and Y would be 
a positive de voltage, If the IF were 
modulated the audio signal would ride this 
dc reference voltage. 


40-16, Ratio Detector 

The Foster Seeley discriminator just des- 
cribed is insensitive to amplitude variations 
only at the resting frequency, Whenthe frequen- 
cy deviates, an unbalance occurs in the dis- 
criminator and produces a voltage output that is 
dependent upon the amount of frequency deviation 
and also upon the amplitude of the signal. There- 
fore, if the input signal to the discriminator is 
simultaneously varying in frequency and ampli- 
tude, the output from the discriminator will 
have the effects of both rather than of the fre- 
quency variation alone which will result in 
audio distortion, Therefore, a limiter is nec- 
essary to prevent such distortion. This dis- 
advantage can be overcome by a ratio detector 
circuit which splits the rectified voltages in 
such a way that their ratio is directly propor- 
tional to the ratio of the applied IF voltages, 
which vary with frequency. 

When the sum of the rectified voltages from 
the transformer is maintained at a constant 
value, the ratio between them must remain 
constant, and the individual rectified voltages 
also must be constant, Output, therefore, is 
independent of amplitude variations in the signal 
and no limiter is necessary. A simplified 
ratio detector circuit (Figure 40-19) shows both 
diodes connected so that their output adds, in- 
stead of subtracting as in the Foster Seeley 
discriminator, Capacitor Cy across the load 
resistors have a large value of capacitance and 
are charged by the output voltage of the rectifiers, 
This tends to make the total voltage across the 
load constant over the period of their respective 
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Figure 40-19 - Simplified ratio detector. 
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RC time constants, since a large capacitor 
across the combined loads maintains an average 
signal amplitude that is adjusted automatically 
to the required operating level, The rectified 
output must not vary at audiofrequency, and the 
time constant of the capacitor and its load re- 
sistor must be great enough to smooth out such 
changes, This time constant is approximately 
0.5 seconds. The basic phase comparison circuit 
and the appropriate vector diagram of the ratio 
detector and the Foster Seeley discriminator are 
the same. 


40-17. Practical Ratio Detector 

In the circuit for a practical ratio detector 
(Figure 40-20) the voltages, Ej, Ez, and E3, 
are obtained in the same way as in the Foster 
Seeley discriminator, Therefore, the applied 
voltage to the diodes is also the same, The 
diodes are connected in series, and the current 
through load resistor Ry, is always in the same 
direction, Consequently, RL acquires the po- 
larity shown when the current flows from the plate 
of V} tothecathodeof V2, Whenan unmodulated 
signal is applied to the primary of the trans- 
former, equal and opposite voltages Ez and E3 
are developed across the secondary in respect 
to the center tap. These voltages are rectified 
by the diodes, with an output voltage across the 
load resistor, equal to their sum, or Eg plus 
E3, and the large capacitor, Ci, is charged to 
this constant voltage. The time constant of Ry, 
and Cy is long compared with the lowest audio 
frequency. 

Since the voltage across Cy, is constant, the 
sum of the voltages across C3 and Cq aleo must 
remain fixed. When the carrier frequency 
shifts with modulation, however, the voltages 
across C3 and Cq change, but the sum of their 
voltages stays fixed at the amplitude of the 
charge on Cy. When the frequency decreases, 
C4 acquires a greater charge than C3; when the 
frequency increases, Cq loses the charge to C3. 
Therefore, the voltage between the center tap of 
the two capacitors and ground varies as the 
ratio of the voltages across C3 and C4, the 
ratio depending on the instantaneous frequency, 
A variable voltage whose amplitude depends on 
the frequency deviation of the carrier conse- 
quently can be applied to the audio output, As 
the rate of variation increases with frequency 
deviation, the voltage at the center tap changes 
frequency, producing a higher audio frequency. 
Any amplitude variation in the input signal to 
the transformers, no matter where the carrier 
is in its swing, also tends to change the voltage 
across C3 and Cq. The voltage across the RC 
network, however, cannot change rapidly enough 
to follow the amplitude modulations, and the 
ratio of the voltage across C3 and Cg do not 
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Figure 40-20 - Ratio detector. 


change enough to produce an audio output. 





8, Performance of Ratio Detector 

The rec! d voltage across the load circuit 
of the ratio detector adjusts itself to the ampli- 
tude of the input signal, and there ieno minimum 
level where amplitude variation still can appear 
in the output. No matter how weak the signal 
is, the amplitude variations are removed to 
some extent by the constant charge on the ca- 
pacitor, However, if signals of greater strength 
are tuned in, the charge on the capacitor is 
increased, and the total voltage across C3 and 
C4 is increased, Consequently, ratio detectors 
produce audio output that is proportional to the 
average strength of the received signal. Ratio 








detectors can operate with as little as 100 milli- 
volts of input, which is much lower than that 
required for limiter saturation, and less IF 
gainis required. This receiver also is relatively 
quiet when no signal is received, since tube 
noise is not amplified as much. 

Although the ratio detector requires fewer 
IF amplifier stages and minimum limiting, it 
presents alignment difficulties, and the signal 
may be distorted at high input voltages if some 
form of limiting is not applied. 


Q18. How does the audio output voltage from 
the ratio detector compare to that of the Foster 
Seeley discriminator? 
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Due to the series connection of the diodes 
the output from the ratio detector is equal 
to one half the output voltage of the Foster 
Seeley discriminator. 


EXERCISE 40 


What are the essential characteristics of 
an FM wave? 

Describe what is meant by a mechanical 
modulator, Give an example of a mechani- 
cal modulator. 

Define the following terms (a) resting fre- 
quency (b) frequency deviation (c) carrier 
swing (d) deviation ratio (e) rate of devi- 
ation. 

What is the function of the reactance tube 
in the FM transmitter? Describe its'input 
and output? 

What do we mean when we refer to a side- 
band as being significant? 

Explain the importance of the modulation 
index. 

With a modulation index of 4 and a modu- 
lating frequency of 10 KC, compute the 
complete bandwidth required when a 95 Mc 
carrier is employed, 

What are guardbands and why are they re- 
quired in FM transmission? 

With a carrier frequency of 90 Mc and 
the upper and lower sideband limits at 
+96 KC what modulation index was being 
employed at the transmitter if the fre- 
quency of the modulating signal were 12 
ke? 

If the frequency of the modulating signal 
is doubled, what happens to the FM wave? 
Describe in detail. 

What is the relationship between the modu- 
lation index, the pairs of significant side- 
bands, and the power contained in the side- 
band pairs. 

A twenty-five Mc carrier is frequency 
modulated 60% witha five kc signal. What 
is the bandwidth? Is it within the limits 


13. 


14, 


15, 


16. 


1%, 


18. 


19, 


20. 


21, 


22. 


23. 


24, 


25. 


established by the FCC? 

What is the significance of 100% modulation 
when applies to AM broadcasting? FM 
broadcasting? 

What is the carrier frequency swing of an 
FM signal when the frequency deviation is 
(a) 40 KC, (b) 60 KC? 

What is the relationship between an antenna 
used for FM and one used for AM? 

A certain FM station operates onan assign- 
ed frequency of 105.5 Mc. (a) What is its 
wavelength in meters? (b) What is its 
wavelength in feet? 

Compare the FM and AM systems with re- 
spect to their (a) operating frequencies (b) 
AF range (c) selectivity. 

How do the requirements of the IF section 
of an FM receiver differ from those in an 
AM receiver? 

Discuss the various factors which govern 
oscillator stability. 

Why is oscillator stability so important in 
a high frequency receiver? 

What is alimiter? Describe its input, out- 
put and operation, 

Describe the phase relationships between 
primary and secondary of the Foster Seeley 
discriminator. 

What is the relationship between the con- 
duction of the diodes used in the Foster 
Seeley discriminator when the input is un- 
modulated ? 

What limitations of the Foster Seeley type 
of discriminator resulted in the develop- 
ment of a ratio detector? 

How does the operation of a ratio detector 
differ from the operation of a Foster Seeley 
detector? 
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Alpha cut-off frequency, 30-31, 32-3 

Amplifiers: 

audio frequency (transistor), 37-1 
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Bandspreaders: 
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Beta cut-off frequency, 32-3 
Bias: 

forward, 29-19 
reverse, 29-20 

Bias stabilization: 
double diode, 30-29 
resistor, 30-25 

single diode, 30-27 
thermistor, 30-26 
Bismuth, 29-10 

Boron, 29-12 
Breakdown diode, 29-29 
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Capacitor microphone, 40-1 
Carbon, 29-9 

Cascade RF amplifiers,32-5, 32-9 
Center frequency, 40-7 
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Degradation factor, 30-25 
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layer, 29-17 

region, 29-17 

Detection, 31-5, 38-10 
Detectors (solid state): 

series diode, 36-2 


198 


INDEX 





Detectors (solid state) continued 
shunt, 36-4 

transistor, 36-5 
Detectors (vacuum tube): 
diode, 38-13 

grid leak, 38-14 
linear, 38-12 

plate, 38-15 

power, 38-12 

square law, 38-12 
weak signal, 38-12 
Deviation: 

amount of, 40-1 

rate of, 40-1 

ratio, 40-1 

Diagonal clipping, 36-3 
Diffusion, 29-17, 30-3 
Discriminator, 40-13 
Donor impurities, 29-10 
Doping, 29-11, 29-12 
Drift current, 30-3 
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Electron-hole pair, 29-10 
Electron-pair bond, 29-9 

Electron volt, 29-7 

Electro-valent bonding, 29-8 
Emitter, 30-1 

Emitter-base capacitance, 33-14 
Emitter-base junction, 30-2 
Emitter diffusion capacitance, 33-14 
Emitter-base junction resistance, 30-24 
Emitter degeneration, 30-34 
Energy: 

bande, 29-6 

gap, 29-3 

kinetic, 29-3 

levels, 29-3 

potential, 29-3 

shells, 29-3 

Excited state of an atom, 29-3 





Filter circuits: 
capacitive, 29-25 
L-section, 29-27 
pi-section, 29-26 

First detector, 38-7 
Forbidden regions, 29-3 
Forward bias, 29-19 
Free electron, 29-7 
Frequency compensation: 
high, 30-35 

low, 39-38 

Frequency conversion, 31-11, 34-1, 
38-7, 40-9 





Frequency modulation: 
converters, 40-8 
demodulation, 40-11 
deviation ratio, 40-6 
Foster-Seeley discriminator, 40-13 
IF amplifiers, 40-9 
limiters, 40-10 
modulation index, 40-5 
ratio detector, 40-16 
receivers, 40-7 
sidebands, 40-3 

slope detector, 40-12 
Frequency tracking, 34-12 


G 


Gallium, 29-12 

Ganged capacitor, 34-12 
Germanium: 

intrinsic, 29-10 
N-type, 29-11 

pure, 29-9 

P-type, 29-12 


H 
Heterodyne principle, 34-1, 38-10 
Hole, 29-10 

I 
IcBO, 30-4 


Image frequency, 31-9, 38-6 
Image rejection ratio, 31-9, 38-6 
Impurity, 29-11, 29-12 

Indium, 29-12 

Interelement capacitances, 30-32 
Intermediate frequency amplifiers: 
cascaded, 35-3 

choice of frequency, 35-1 

double tuned, 35-5 

frequency modulation, 35-3 
frequency response of, 35-3 
permeability tuned, 35-5 

single stage, 35-2 

single tuned, 35-5 

stagger tuned, 35-7 
transformers in, 35-2 

Intrinsic conduction, 29-10, 29-18 
Insulators, 29-7 

Ionic bond, 29-8 


Junction: 
barrier, 29-17 
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Junction (continued) P 

field, 29-17 

PN, 29-16 Padder capacitor, 32-11, 34-12 

transistor, 30-1 Pauli exclusion principle, 29-6 


Pentagrid converter, 38-7 
Pentavalent impurity, 29-10 
K Percentage of ripple, 25-25 
Permeability tuning, 35-5, 38-9 
Kinetic energy, 29-3 Phase inverter, 37-7 
Phosphorous, 29-10 
PN junction, 29-16 


L PNP transistor, 30-2 
Poor conductors, 29-7 
Limiters, 40-10 Positive temperature 
Local oscillator, 31-10 coefficient, 29-14 
Loose coupling, 35-6 Potential energy, 29-3 


Power amplifier: 
transistor, 37-8 
M vacuum tube, 38-17 
Power gain, 30-11 
Majority carriers: Push-pull amplifier, 37-9 
in PN junctions, 29-13 
in two junction transistors, 30-2 


Manual gain control, 39-1 Q 
Microphone, capacitor, 40-1 

Minority carriers: Quantum mechanics, 29-3 
in PN junctions, 29-13 Quartz crystal, 39-7 

in two junction transistors, 30-2 Quiescent point, 30-12 


Mixers, 31-11, 34-2, 38-10 
Modulation index, 40-5 


Motorboating, 38-3 R 
Radio frequency amplifiers: 
N transistor, 31-4, 31-9, 32-1 
vacuum tube, 38-1 
Negative temperature Ratio detector, 40-16 
coefficient, 29-14 Reactance tube, 39-8, 40-2 
Negative peak clipping, 36-3 Receiver (transistor): 
Neutralization, 30-33 audio frequency amplification, 37-1 
Nonconductors, 29-7 detection, 36-1 
30-2 intermediate frequency amplifier, 35-1 





mixer, 34-2 

radio frequency amplifier, 32-1 
° reception, 31-2 

reproducers, 37-13 

selectivity, 31-2 


Optimum coupling, 35-6 sensitivity, 31-2 
Oscillator: Rectifiers: 

amplitude stability, 33-14 bridge, 29-24 

beat frequency, 39-4 full-wave, 29-22 
Colpitts, 33-9 half-wave, 29-23 
frequency stability, 33-14 Resting frequency, 40-7 
Hartley, 33-2 Ripple, 29-25 


local, 31-10, 33-1 
output coupling, 33-17 


series-fed Hartley, 33-2 s 
shunt-fed Hartley, 33-9 
stability, 33-14 Semiconductor, 29-7 


tracking, 33-16 Shells (energy), 29-3 





Silicon, 29-6 

Single battery bias, 30-21 
Space charge region, 29-17 
Structure of matter, 29-1 
Subatomic particles, 29-1 
Sub-shells, 29-4 
Superheterodyne, 31-9 
Swamping resistor, 30-24 


T 


Thermal runaway, 30-23 

Tone control, 38-3, 39-6 
Transistor: 

audio frequency amplifiers, 37-1 
basic current paths, 30-2 
biasing of, 30-2 

characteristic curves, 30-10 
circuit anal 30-12 

class A amplifiers, 30-17 

class AB amplifiers, 30-19 
class B amplifiers, 30-18 

class C amplifiers, 30-20 
compared to vacuum tubes, 30-1 
converters, 34-7 

detectors, 36-1 

intermediate frequency amplifier, 35-1 
mixers, 34-2 

noise, 32-8 





NPN, 30-1 
phase inverter, 37-7 
PNP, 30-1 


power amplifiers, 37-8 
radio frequency amplifier, 32-1 
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Transistor (continued) 
servicing techniques, 30-4 
Trimmer capacitor, 32-11, 34-12 
Trivalent impurities, 29-10 


U 


Unilateralization, 30-33 


Vv 


Valence: 
bands, 29-6 

electrons, 29-5 

number, 29-5 

shell, 29-5 

Variable mu pentode, 38-6 
Voltage: 

gain, 30-11 

maximum collector, 30-14 
saturation region, 30-13 
Voltage regulators: 
avalanche diode, 29-29 
breakdown diode, 29-29 
crystal diode, 29-29 

glow tube, 29-29 

Zener diode, 29-29 
Volume control, 38-3 





Zener diode, 29-29 
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